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ABSTRACT 
 
Physiological and Molecular Mechanisms Governing the Postharvest Stress-Induced 
Accumulation of Antioxidant Phenolic Compounds in Carrots. (August 2010) 
Daniel Alberto Jacobo Velázquez, B.S., Tecnológico de Monterrey;  
M.S., Tecnológico de Monterrey 
Chair of Advisory Committee: Dr. Luis Cisneros-Zevallos 
 
 The use of postharvest abiotic stresses in fresh fruits and vegetables induces the 
accumulation of bioactive compounds. In the present study, the postharvest application 
of extreme conditions of wounding and hyperoxia stresses was evaluated as an approach 
to exploit the genetic potential of carrots to produce antioxidant phenolics compounds. 
Carrots responded to wounding and hyperoxia stresses accumulating hydroxycinnamic 
acids, mainly caffeoylquinic acids (CQAs) such as 3-O-caffeoylquinic acid (3-CQA), 
3,5-dicaffeoylquinic acid (3,5-diCQA), and 4,5-dicaffeoylqinic acid (4,5-diCQA).  
 Physiological and molecular studies were conducted to characterize further and 
understand the mechanisms governing the stress-induced accumulation of phenolics in 
carrots. A subtractive wound-induced cDNA library for carrots was generated to identify 
genes with potential involvement on the accumulation of phenolics that are up-regulated 
by wounding. Genes with putative function related with the production of stress 
signaling molecules were up-regulated by wounding stress in carrots. Likewise, genes 
related to primary and secondary metabolism were wound-induced.  
 iv 
The role of reactive oxygen species (ROS), ethylene (ET) and jasmonic acid (JA) 
as signaling molecules that modulate wound response in carrots was characterized. 
Inhibitors of ROS biosynthesis, ET action, and JA biosynthesis alone and in combination 
were applied to shredded carrot tissue and the relative expression of genes with potential 
involvement on the biosynthesis of ROS, ET and JA were evaluated. Likewise, the 
relative expression of genes involved with primary and secondary metabolism was 
determined and phenolic compounds were quantified in the wounded-tissue treated with 
inhibitors. Results revealed that a complex cross-talk between ROS, ET, and JA, 
modulates the wound-response in carrots. Furthermore, it was demonstrated that ROS 
play the major role on the wound-induced activation of primary and secondary 
metabolism as well as on the accumulation of phenolic compounds in carrots. Likewise, 
ET and JA have an important role regulating ROS levels in the wounded-tissue. 
The information generated in this investigation allows for a greater 
understanding of the physiological and molecular mechanisms involved on the wound-
response in carrot tissue. Likewise, it opens the possibility of potential strategies for the 
efficient use of carrots as biofactories of antioxidant phenolic compounds.  
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CHAPTER I 
 
INTRODUCTION  
 
 The application of postharvest abiotic stresses in fresh fruits and vegetables 
induces the accumulation of antioxidants (Cisneros-Zevallos 2003). This approach can 
be exploited as an effective strategy to produce plant bioactives. Nevertheless, little is 
known about the physiological and molecular basis for the accumulation of antioxidants 
as a postharvest stress response. Increasing the scientific knowledge in this area is 
essential to envisage strategies that permit the effective use of crops as biofactories of 
nutraceuticals.  
 Carrots respond to wounding stress producing and accumulating phenolic 
compounds, mainly hydroxycinnamic acids such as 3-O-caffeoylquinic acid (3-CQA), 
3,4-dicaffeoylquinic acid (3,4-diCQA), and 4,5-dicaffeoylquinic acid (4,5-diCQA 
(Surjadinata 2006; Heredia and Cisneros-Zevallos 2009; Jacobo-Velázquez and 
Cisneros-Zevallos 2009). The 3-CQA is the phenolic compound accumulated in largest 
amount as a wounding stress response in carrots. This phenolic is extensively absorbed 
and metabolized in humans (Olthof and others 2001a, 2003; Farah and others 2008) and 
has several pharmaceutical applications. Clinical studies have demonstrated that 3-CQA 
can be used to decrease the absorption of glucose and reduce the body mass of 
overweight and obese people (Thom 2007). Additionally, it has anti-hepatitis B virus 
activity (Wang and others 2009), an inhibitory effect on brain-tumor progression  
____________ 
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(Belkaid and others 2006), and potential for reducing the risk of cardiovascular diseases 
(Olthof and others 2001b). Likewise, the 3,4-diCQA and 4,5-diCQA, both 3-CQA 
derivatives, are swiftly absorbed in humans (Farah and others 2008). These compounds 
have particular pharmaceutical importance since they can be used as constituents of anti-
HIV drugs (Robinson and others 1996; Zhu and others 1999) as well as for the treatment 
of jaundice and hepatic failure (Choi and others 2005). 
Wounding stress activates the phenylpropanoid metabolism in carrots to produce 
lignin and suberin during wound healing (Rittinger and others 1987). Lignin is 
composed of monolignol residues that are synthesized from hydroxycinnamic acids 
precursors (Boerjan and others 2003). Therefore, the accumulation of hydroxycinnamic 
acids has to be related to a higher rate of synthesis compared to their rate of utilization. 
Likewise, the wound-induced accumulation of phenolics may be the result of the 
activation of the phenylpropanoid metabolism together with metabolic pathways from 
the primary metabolism such as respiration, glycolysis, oxidative pentose phosphate 
pathway (OPPP), and shikimate pathway that are involved in the synthesis of carbon 
skeletons needed for the biosynthesis of phenolic compounds. 
Different signaling molecules, such as ethylene (ET), jasmonic acid (JA), and 
reactive oxygen species (ROS) has been reported to be produced by wounding stress as 
well as to activate plant defense genes, including those from the phenylpropanoid 
metabolism (Dixon and Paiva 1995). JA and ROS are thought to be the main signaling 
molecules that induce the accumulation of hydroxycinnamic acids, lignin, and suberin in 
wounded plant tissues (Saltveit  2004; Heredia 2006; Kim and others 2006). However, 
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3 
the physiological and molecular basis of the regulatory role of ROS, ET and JA on the 
wound-response as well as on the accumulation of phenolics in carrots remains 
unknown.  
The general objective of this dissertation was to increase our understanding of 
the physiological and molecular mechanisms involved with postharvest stress-induced 
accumulation of antioxidant phenolic compounds in carrots. In order to achieve this 
objective, the dissertation was divided in three main experimental stages, described in 
Chapters II, III and IV.  
 In Chapter II, the use of extreme conditions of wounding and hyperoxia stresses 
to produce phenolic compounds in carrots was studied. Likewise, the physiological role 
of reactive oxygen species (ROS) on the synthesis of phenolics in the stressed-tissue was 
addressed. A hypothetical model explaining the role of ROS on the stress-induced 
production of phenolic compounds was proposed.  
 In Chapter III, a subtractive cDNA library was constructed to increase our 
understanding on the molecular mechanisms involved on the wound-induced 
accumulation of phenolics in carrots.  
 In Chapter IV, the effect of ROS, ET and JA on the regulation of the wound-
response and phenolics accumulation was studied. A hypothetical model explaining the 
interaction of reactive ROS, ET, and JA for modulating the wound-respond in carrots 
was proposed. 
Finally, general conclusions and recommendations of the dissertation are 
presented in Chapter V. 
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CHAPTER II 
 
PHYSIOLOGICAL ROLE OF REACTIVE OXYGEN SPECIES ON THE 
STRESS-INDUCED SYNTHESIS OF ANTIOXIDANT PHENOLIC 
COMPOUNDS IN CARROTS 
 
Synopsis 
This chapter addresses the use of extreme conditions of wounding and hyperoxia 
stresses to produce phenolic compounds in carrots. The physiological role of reactive 
oxygen species (ROS) on the synthesis of phenolics in the stressed-tissue was also 
studied. The accumulation of total phenolic compounds (PC) was evaluated on whole, 
slices, pie-cuts and shredded carrots after 48 h of storage at 20°C under air and 
hyperoxia conditions. Shredded-carrots showed the highest increase in total PC value 
( 325%). This increase was 12% higher when shredded-carrots were stored under 
hyperoxia conditions. The phenolic profiles of the stressed-carrots indicate that 
wounding induces the production and accumulation of 3-O-caffeoylquinic acid (3-
CQA), ferulic acid (FA), 3,5-dicaffeoylquinic acid (3,5-diCQA), and 4,5-
dicaffeoylquinic acid (4,5-diCQA). Hyperoxia induced higher accumulation of 3-CQA 
in the shredded carrots, and higher accumulation of 3,5-diCQA and 4,5-diCQA in the 
pie-cuts.  
To further understand the physiological role of ROS as a signaling molecule for 
the stress-induced accumulation of phenolics in carrots, the respiration rate as well as the 
activity of reduced nicotinamide adenine phosphatase (NADPH) oxidase acitivity, 
5 
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superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT) were 
determined on the wounded tissue stored under air and hyperoxia conditions. In addition, 
shredded carrots were treated with diphenyleneiodonium chloride (DPI) solution to 
block the NADPH oxidase ROS productions and the phenylalanine ammonia-lyase 
(PAL) acitivity and total PC accumulation were evaluated. Results demonstrated that 
ROS play a key role as a signaling molecule for the accumulation of PC. The application 
of hyperoxia stress in the wounded-tissue increased the respiration rate and partially 
inhibited the wound-induced activation of the detoxifying enzyme APX, suggesting that 
samples treated with hyperoxia accumulate higher ROS levels which induced a higher 
accumulation of phenolic compounds. 
 
Introduction 
The application of postharvest abiotic stresses in fresh fruits and vegetables 
induces the accumulation of antioxidants (Cisneros-Zevallos 2003). Carrots (Daucus 
carota) respond to wounding stress, accumulating phenolic compounds such as 
caffeoylquinic acids (CQAs) and ferulic acid (FA) (Surjadinata 2006; Heredia and 
Cisneros-Zevallos 2009). These antioxidant compounds are highly absorbed and 
metabolized in humans (Olthof and others 2001a, 2003; Farah and others 2008) and have 
potential uses in the treatment and/or prevention of chronic-diseases such as obesity 
(Thom 2007), diabetes (Balasubashini and others 2004), hepatitis B (Wang and others 
2009), cardiovascular diseases (Olthof and others 2001b), neurodegenerative diseases 
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(Kanski and others 2002; Kim and others 2005), and HIV (Robinson and others 1996; 
Zhu and others 1999).  
Little is known about the physiological basis for the accumulation of antioxidants 
as a postharvest stress response. Increasing the scientific knowledge in this area is 
critical to envisage strategies that permit the effective use of crops as biofactories of 
nutraceuticals. Reactive oxygen species (ROS) are signaling molecules associated with 
the wound-induced activation of phenylalanine-ammonia lyase (PAL) gene expression 
(Song and others 2006) and with the accumulation of phenolic compounds (Heredia 
2006; Surjadinata 2006). Difference sources of ROS are activated upon the application 
of wounding stress. These ROS sources include the reduced nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase localized at the plasma membrane and the 
respiration occurring at the mitochondria (Mittler 2002). NADPH oxidase and 
respiration produce a superoxide radical (O2.-) which is transformed into O2 and H2O2 by 
superoxide dismutase (SOD). High levels of ROS (O2.- and H2O2) are toxic for plants, 
and thus the activity of detoxifying enzymes such as SOD, ascorbate peroxidase (APX) 
and catalase (CAT) is needed for a fine modulation of low ROS levels (Mittler 2002).  
The wound-induced accumulation of phenolic compounds in carrots is affected 
by the application of additional stresses in the wounded tissue. Applying UV-light and 
phytohormones (i. e. ethylene and methyl jasmonate) in the wounded-carrots induce 
modification in the total amount and type of phenolics accumulated (Surjadinata 2006; 
Heredia and Cisneros-Zevallos 2009). Hyperoxia stress (high-atmospheric oxygen 
storage conditions) is reported to induce accumulation of phenolics in whole blueberries 
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7 
(Zheng and others 2003), strawberries (Ayala-Zavala and others 2007) and Chinese 
Bayberries (Yang and others 2009). However, there are no previous reports regarding 
the effect of hyperoxia on the accumulation of phenolics in wounded-carrot tissue.  In 
addition, the physiological basis for the hyperoxia-induced accumulation of phenolics 
remains uknown.  
Previous investigations on the application of abiotic stresses on carrots to 
increase their nutraceutical content used mild conditions of stress to preserve quality 
attributes such as flavor and color. However, the genetic potential of carrots as 
biofactories of phenolics can be further exploited if extreme stress conditions are applied 
in the tissue. The resultant tissue can be subsequently subjected to downstream 
processing in order to recover and purify antioxidant phenolic compounds with 
application in the pharmaceutical and dietary supplement industries.  
The objectives of this chapter were: (i) to evaluate the use of extreme conditions 
of wounding and hyperoxia stresses to produce high amounts of antioxidant phenolic 
compounds in carrots and (ii) to determine the physiological role of ROS on the 
accumulation of phenolics induced by wounding and hyperoxia stresses.  
  
Materials and Methods 
Chemicals 
 Ferulic acid, Folin-Ciocalteu reagent, sodium carbonate (Na2CO3), 6-hydroxy-
2,5,7,8-tetramethyl-2-carboxylic acid (Trolox), 2,2’-Azobis (2-amidinopropane)-
dihydrochloride (AAPH), fluorescein sodium salt, polyvinylpyrrolidine (PVPP), boric 
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acid, ß-mercaptoethanol, L-phenylalanine, t-cinnamic acid, diphenyleneiodonium 
chloride (DPI), Na2EDTA, ascorbic acid, diethyl dithiocarbamate, NBT, NADPH, Tris-
HCL, sucrose, riboflavin, methionine, methanol (HPLC grade), and acetonitrile (HPLC 
grade), were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Chlorogenic 
acid, nitrotetrazolium blue chloride (NBT), NADPH, and Triton X-100, were purchased 
from Fisher Scientific (Houston, TX, USA).  
 
Plant material and processing 
Carrots (Daucus carota) were obtained from a local market (HEB, Bolthouse 
Farms, Bakersfield, CA, USA), sorted, washed and disinfected with chlorinated water 
(250 ppm, pH 6.5). To prepare the carrot cuts whole carrots were wounded with a food 
processor to produce slices (3-4 mm thickness), pie-cuts (1/4 sections from a slice of 3–4 
mm thickness), and shreds (2 mm x 3 mm x 40-60 mm). Shredded-carrots treated with 
DPI were prepared by submerging the wounded tissue for 3 min in a DPI solution (315 
µM). DPI concentration was selected based on previous dose-response experiments 
(Heredia 2006). In addition to the DPI treatments, shredded carrots were submerged in 
nanopure water and used as control samples.  
 
Storage studies 
Two independent experiments were conducted. On the first experiment, carrots 
were subjected to different wounding intensities and stored for 48 h at 20°C under two 
different atmospheric conditions: air and hyperoxia (80% O2, balance N2). The total 
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phenolic content (PC) and antioxidant activity (AOX) of these samples were determined 
before and after storage. Likewise, the phenolic compounds accumulated after storage 
were identified and quantified. To generate the hyperoxia conditions, carrot tissue was 
placed in glass jars and connected to an air-flow-through system supplied with 
humidified flows of either air or a gas mixture containing 80% O2 + 20% N2. The 
concentrations of CO2 were kept <0.15% to avoid any physiological effect exerted by 
CO2 such as anaerobic metabolism (Surjadinata and Cisneros-Zevallos 2003). 
In the second experiment, the role of ROS as a signaling molecule for the 
accumulation of phenolics as a response to wounding and hyperoxia stresses was 
studied. For this experiment, whole and shredded-carrots were prepared and stored as 
mentioned above. The activity of enzymes involved in ROS generation and 
modulation/detoxification (SOD, APX and CAT) were evaluated. In addition, just after 
wounding and prior to storage, a portion of the shredded-carrots was treated with either a 
DPI solution (315 µM) or water. Variables such as PAL activity, NADPH oxidase 
activity, PC, and AOX were determined before and during storage of the different 
treatments.  
 
Sample preparation for phytochemical analyses  
Carrot tissue (5 g) was homogenized with methanol (20 mL) using an Ultra-
Turrax homogenizer (IKA Works, Inc., Wilmington, NC) and centrifuged at 29,000 x g 
for 15 min at 4ºC. The clear supernatant (methanolic extract) was used for the analyses 
of total soluble phenolics (PC) and antioxidant activity (ORAC value). For the 
10 
 
10 
identification and quantification of the individual phenolic compounds, the methanolic 
extracts were passed through nylon membranes (0.2 µm) prior to injection to the 
chromatographic systems.  
 
Analysis of total soluble phenolics (PC)  
Total soluble phenolics were determined using the method described by Swain 
and Hillis (1959). Methanolic extracts (15 µL) were diluted with nanopure water (240 
µL) in a 96-well microplate well, followed by the addition of 0.25N Folin-Ciocalteu 
reagent (15 µL). The mixture was incubated for 3 min and then, 1N Na2CO3 (30 µL) was 
added. The final mixture was incubated for 2 h at room temperature in the dark. 
Spectrophotometric readings at 725 nm were collected using a plate reader (Synergy HT, 
Bio-Tek Instruments, Inc., Winooski, VT). Total phenolics were expressed as mg 
chlorogenic acid equivalents/kg of fresh tissue.   
 
Determination of antioxidant activity (ORAC value) 
The antioxidant activity was determined with the oxygen radical absorbance 
capacity (ORAC) assay. The ORAC value was obtained using the procedure of Wu and 
others (2004) for hydrophilic ORAC with a slight modification as described by 
Villarreal-Lozoya and others (2007). The methanolic extracts were diluted (1:50) with a 
75 mM phosphate buffer solution (PBS, pH 7.4). The diluted methanolic extracts (25 
µL) were loaded into the wells of a 96-wells black plate (Costar #3631, Corning, Inc., 
Corning, NY) and incubated at 37ºC for 45 min prior to analysis. Fluorescein sodium 
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salt (FL) was used as protein probe and 2,2’-Azobis (2-amidinopropane)-
dihydrochloride (AAPH) as a free radical source. FL stock solution (FL1) was prepared 
by diluting FL (112.5 mg) in PBS (50 mL). FL1 (100 µL) was diluted with PBS (10 mL) 
to prepare FL2. FL1 and FL2 were stored at 4°C.  Prior to analysis, a FL3 solution was 
prepared by diluting FL2 (400 µL) in PBS (25 mL). AAPH solution was made freshly for 
every assay by dissolving AAPH pellets (260 mg) in PBS (10 mL) previously incubated 
at 37°C for at least 45 min. Florescence readings were done in a plate reader (Synergy 
HT, Bio-Tek Instruments, Inc., Winooski, VT). After priming the injectors, FL3 (200 
µL) was injected in each well, already containing diluted methanolic extracts (25 µL), 
followed by the injection of the AAPH solution (75 µL).  Florescence readings were 
taken every minute during 50 min using excitation and emission wavelengths of 485 nm 
and 520 nm, respectively. The loss of fluorescence was registered and processed by 
analytical software package KC-4 v. 3.4 (Bio-Tek Instruments, Inc., Winooski, VT). 
Samples were compared against a trolox standard and a blank curve made from 
normalized data using the area under the curve. Results were expressed as µmol of 
trolox equivalents/kg of fresh tissue.  
 
Identification and quantification of phenolic compounds by HPLC-DAD and 
HPLC-ESI-MS
n
  
The HPLC system was composed of two 515 binary pumps, a 717-plus 
autosampler, and a 996-photodiode array detector (Waters Corp., Mildford, MA). 
Phenolic compounds were separated on a 4.6 mm x 150 mm, 5 µm, C-18 reverse-phase 
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Atlantis column (Waters Corp., Mildford, MA) that was maintained at 40ºC by a 
SpectraPhysics SP8792 column heater. The mobile phases consisted of water adjusted to 
pH 2.4 with HCl (phase A) and acetonitrile (phase B). The gradient solvent system was 
0/85, 5/85, 30/0, 35/0 (min/% phase A). Data was processed with the Millennium 
software v3.1 . The identification of individual phenolics was based on their PDA 
spectra and ESI-MS- fragmentation patterns as compared with authentic standards. Mass 
spectrometric analyses were performed on a Thermo Finnigan LCQ Deca XP Max Msn 
ion trap mass spectrometer equipped with an ESI ion source (ThermoFinnigan, San Jose, 
CA). Separations were conducted using the Phenomenex (Torrace, CA) Synergi 4µ 
Hydro-RP 80A (2 x 150 mm) with a C18 ward column. Mobile phases consisted of 
water/formic acid 1% (99:1, v/v, phase A) and acetonitrile (phase B) at a flow rate of 
200 µL/min. The gradient solvent system was 0/85, 5/85, 30/0, 35/0 (min/% phase A). 
Electrospray ionization was performed in the negative ion mode using the following 
conditions: sheath gas (N2), 50 arbitrary units; auxiliary gas (N2), 0 arbitrary units; spray 
voltage, 4 kV; capillary temperature, 250ºC; capillary voltage, -21 V; tube lens offset, -
60 V. 
 
Phenylalanine ammonia-lyase (PAL) activity determination 
PAL was extracted and assayed as previously described (Ke and Saltveit 1986; 
Heredia and Cisneros-Zevallos 2009). Briefly, carrot tissue samples (4 g) were added 
with polyvinylpolypyrrolidone (0.4 g) and homogenized in ice-cold 50 mM borate buffer 
pH 8.5 (16 mL) containing 400 µL/L of ß-mercaptoethanol. Homogenizations were 
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preformed under low-light conditions. Homogenates were filtered through 4 layers of 
cheesecloth and then centrifuged at 32,000 x g for 15 min at 4°C. Supernatants were 
collected as PAL assay solutions, maintained under refrigeration (4°C), and promptly 
assayed. A fresh 100 mM L-phenylalanine substrate solution was prepared in nanopure 
water before each assay. PAL assay was performed by pipetting 50 mM borate buffer pH 
8.5 (235 µL) and 100 mM L-phenylalanine substrate solution (35 µL) into a well of a 
96-well microplate (Greiner bio-one #65580, Monroe, NC). The reaction was started by 
the addition of PAL assay solution (80 µL). Spectrophotometric readings at 290 nm were 
registered before and after 1 h of incubation at 40°C in a plate reader with temperature 
control (Synergy HT, Bio-Tek Instruments, Inc., Winooski, VT). PAL activity was 
calculated as µmol of t-cinnamic acid synthesized per hour using a t-cinnamic acid 
standard curve (0-0.15 µmol/mL) 
 
Reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity 
determination 
 NADPH oxidase was extracted and assayed as previously described (Agarwal 
and others 2005). Crude extracts containing membrane, microsomal, and cytosolic 
fractions were prepared by homogenizing carrot tissue samples (2 g) with ice-cold 
extraction buffer (50 mM Tris-HCl, pH 7.5, 250 mM sucrose, 3 mM Na2EDTA, 10 mM 
ascorbic acid, and 5 mM diethyl dithiocarbamate). Extracts were filtered through 4 
layers of cheesecloth and centrifuged at 10,000 x g for 10 min at 4°C. Supernatants were 
collected and further centrifuged at 65,000 x g for 10 min. Supernatants were discarded 
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and the pellets (enriched with the crude microsomal and plasma membrane fractions) 
were re-suspended in a phosphate buffer solution (5 mM K2HPO4, pH 7.8, 250 mM 
sucrose, and 3 mM KCl) and used as NADPH oxidase assay solutions. The NADPH 
dependent O2.- generating activity of the crude microsomal and plasma membrane 
extracts were determined by reduction of NBT using NADPH as electron donor 
(Agarwal and others 2005). NADPH oxidase activity was determined by mixing the 
assay buffer (240 l; 50 mM Tris-HCl, pH 8.6, 364.6 mM sucrose), 0.58 mM NBT (60 
l), NADPH oxidase assay solutions (30 l), and either nanopure water (10 l) or 0.35 
mM DPI (10 l) into a well of a 96-well microplate. The reaction mixtures were 
incubated for 1 min at room temperature. Reactions were started by the addition of 3.5 
mM NADPH (10 l) substrate solution. Spectrophotometric readings at 530 nm were 
collected every 30 s during 5 min in a plate reader (Synergy HT, Bio-Tek Instruments, 
Inc., Winooski, VT). Enzyme activity ( A/min) was estimated by the initial velocities 
method from the linear portion of the curves. One unit of activity was defined as an 
increase in absorbance of 0.001 min-1. Spectrophotometric readings obtained in the 
presence of DPI were subtracted from those obtained without DPI. A well containing the 
reaction mixture and nanopure water (10 l) instead of the substrate solution was used as 
blank.  
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Superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT) 
activity determination  
 Antioxidant defense system enzymes were extracted as described by Kang and 
Saltveit (2001). SOD and CAT extracts were obtained by extracting carrot tissue ( 2 g) 
with ice-cold 50 mM Tris-HCl buffer (20 mL; pH 7.3, 3 mM MgCl2, 1 mM EDTA) in a 
mortal. APX was extracted by homogenizing carrot tissue ( 2 g) with ice-cold 50 mM 
potassium phosphate buffer (4 mL; pH 7.0, 1% Triton X-100, 7 mM 2-mercaptoethanol) 
in a mortal. Homogenates were centrifuged at 25,000 x g for 20 min at 4 C, and the 
resultant clear supernatants were used as SOD, CAT, and APX assay solutions. All 
enzyme activity assays were carried out on 96-well microplates and absorbance readings 
were conducted using a microplate reader (Synergy HT, Bio-Tek Instruments, Inc., 
Winooski, VT). 
SOD activity was determined by measuring its capability to inhibit the 
photochemical reduction of NBT (Dhindsa and others 1981; Kang and Saltveit 2001). 
The assay mixture (350 L) consisted of 50 mM phosphate buffer (pH 7.8), 13 mM 
methionine, 75 M NBT, 2 M riboflavin, 0.1 mM EDTA and SOD assay solution (6 
L). Riboflavin was added at the end, the reaction mixture was shaken and immediately 
placed 30 cm below a light bank composed of two 15 W fluorescent lamps for 10 min. 
The absorbance at 560 nm was determined. In addition, a reaction mixture was placed in 
the dark and used as control. One unit of activity (U) was defined as the Absorbance 
between the reaction mixtures exposed to the light and the non-irradiated controls.  
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CAT activity was determined by monitoring the decrease in absorbance due the 
H2O2 disappearance (Maehly and Chance 1959, Kang and Saltveit 2001). CAT was 
assayed by mixing 50 mM phosphate buffer pH 7.4 (330 L), CAT assay solution (6 L) 
and 1% H2O2 (13 L). Spectrophotometric readings were taken at 240 nm in a plate 
reader every second during 1 min. Samples were read against a blank containing water 
instead of the CAT assay solution. Enzyme activity ( A/s) was estimated by the initial 
velocities method from the linear portion of the curves. One unit of activity (U) was 
defined as a decrease in absorbance of 1 s -1. 
APX activity was determined by its capability to oxidize ascorbate in the 
presence of H2O2 as previously described (Chen and Asada 1989; Kang and Saltveit 
2001). The reaction mixture consisted of 50 mM phosphate buffer (285 L; pH 7.0, 0.1 
mM EDTA, 0.5 mM ascorbate, and 1.54 mM H2O2) and APX assay solution (15 L). 
The decrease in absorbance was monitored at 240 nm every 5 min for 60 min. Samples 
were read against a blank containing water instead of the APX assay solution. Enzyme 
activity ( A/min) was estimated by the initial velocities method from the linear portion 
of the curves. One unit of activity (U) was defined as a decrease in absorbance of 1/min. 
 
Respiration rate 
The respiration rates in the shredded and whole carrots were obtained from carrot 
tissue ( 50 g) placed in glass jars (500 ml) connected to an air-flow-through system 
supplied with humidified flows of either air or a gas mixture containing 80% O2 + 20% 
N2. The concentrations of CO2 were kept <0.15% to avoid any adverse physiological 
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effect of CO2 (Surjadinata and Cisneros-Zevallos 2003). Respiration rates were obtained 
every 6 h during 48 h by disconnecting the jars from the air-flow-through system. Jars 
were closed and samples were allowed to accumulate CO2 for 30 min to concentrations 
<1%. Gas samples were taken using syringes through a septum port place on the lid. 
Collected samples were analyzed with a Horiba CO2 infrared gas analyzer (model PIR-
2000, Horiba Instruments Inc., Irvine, Calif., U.S.A.).  
 
Statistical analysis  
Analyses were performed using five replicates, unless otherwise indicated. Data 
represents the mean values of samples and bars indicate their standard error.  Analyses 
of variance (ANOVA) were conducted using JMP software version 5.0 (SAS Institute 
Inc. Cary, NC, USA) and mean separation performed using the LSD test (p < 0.05). 
ANOVA was also conducted to determine main effects and interactions.  
 
Results and Discussion 
Effect of wounding and hyperoxia stresses on the accumulation of total phenolic 
compounds (PC) and on the antioxidant capacity (AOX) of carrot tissue 
The application of wounding produced a significant increase (p < 0.001, Table 
2.1) on the total PC and AOX values in carrots stored at 20°C for 48 h (Figure 2.1). The 
accumulation of total PC was intensified as the wounding intensity increased (Figure 
2.1A). Compared with whole carrots before storage, the total PC in the air-treated  
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Figure 2.1 - Effect of wounding and hyperoxia stresses on the total phenolic content 
(A) and antioxidant capacity (B) of carrots stored at 20°C for 48 h. Whole, slices, 
pie-cuts, and shredded-carrots were stored under two different atmospheres: air 
and hyperoxia (80% O2). Samples were evaluated at 0 h and after 48 h of storage. 
Data represents the mean of five replicates and their standard error. Bars with 
different letters indicate statistical difference by the LSD test (p < 0.05). 
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Table 2.1 - Effect of wounding and hyperoxia stresses on total phenolics content 
and antioxidant capacity of carrots. NS, non-significant or *, **, *** significant at P 
< 0.05, 0.01, 0.001 respectively; n = 5.  
 
Significance 
Total phenolics content Antioxidant capacity 
Wounding *** *** 
Hyperoxia *** *** 
Wounding x Hyperoxia NS ** 
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wounded tissue was increased by 178%, 207%, and 325%, for slices, pie-cuts, and 
shreds, respectively. The whole carrots stored under air conditions did not show a 
significant increase in the total PC (p > 0.05). However, when the whole carrots were 
subjected to hyperoxia stress, the total PC was increased by 100% indicating that 
hyperoxia itself is capable of activating the phenylpropanoid metabolism (Table 2.1) as 
reported for whole blueberries (Zheng and others 2003), strawberries (Ayala-Zavala and 
others 2007) and Chinese Bayberrirs (Yang and others 2009). The application of 
hyperoxia stress on wounded tissue increased the total PC by 24%, 42%, and 12%, for 
slices, pie-cuts, and shreds, respectively, compared to samples stored under atmospheric 
air conditions (Figures 2.1A, Table 2.1).  
Phenolics are identified as the compounds with the highest AOX value in fruit 
and vegetables and thus are regarded as the main contributors to their antioxidant 
capacity (Heo and others 2007). Therefore, the increased PC amounts in carrots 
generated by wounding and hyperoxia stresses resulted in an enhancement of their AOX 
values (Figure 2.1B). Among the samples stored under air, the shredded carrots showed 
the highest increase in AOX value ( 240% higher) compared with wholes before 
storage, followed by pie-cuts and slices ( 75-108% higher). However, the AOX value of 
the whole tissue was not affected during the storage period. Hyperoxia stress applied in 
the wounded tissue only affected the AOX value of the pie-cuts and carrot shreds with 
increases of 38% and 28% respectively, compared with the air-treated samples.  
These observations suggest that although hyperoxia increased the total PC of wholes and 
sliced carrots (Figure 2.1A), the type of phenolic compounds produced and accumulated 
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by hyperoxia on these two tissues resulted in a phenolic mixture with similar AOX value 
compared with air treated samples (Figure 2.1B). Since each phenolic compound has a 
particular antioxidant capacity based on its chemical structure, the AOX value of fruits 
and vegetables not only depends on their total PC, it is also affected by their phenolic 
profiles (type of phenolics present and their relative amounts or proportions) (Rice-
Evans and others 1996, 1997; Cao and others 1997; Jacobo-Velázquez and Cisneros-
Zevallos 2009). When the AOX value against the total PC of the samples under 
investigation was correlated (Figure 2.1) a R2 value of 0.8 was obtained suggesting 
differences in their phenolic profiles induced by wounding and hyperoxia. 
 
Effect of wounding and hyperoxia stresses on the accumulation of individual 
phenolic compounds in carrot tissue  
To identify and quantify the phenolic compounds produced and accumulated by 
wounding and hyperoxia stresses in carrots, the methanolic extracts from stressed-carrot 
tissue were analyzed by HPLC-DAD and HPLC-ESI-MS- (Figure 2.2 and Table 2.2). 
The phenolic compounds in the stressed tissue were identified as 3-O-caffeoylquinic 
acid (3-CQA), ferulic acid (FA), 3,5-dicaffeoylquinic acid (3,5-diCQA), and 4,5-
dicaffeoylquinic acid (4,5-diCQA). The 3-CQA and FA were identified based on their 
spectra characteristics and ESI-MS- fragmentation patterns as compared with authentic 
standards. The tentative identification of the CQAs derivatives 3,5 and 4,5-diCQA were 
based on similarities of spectra characteristics and ESI MS- fragmentation patterns as 
previously reported (Clifford and others 2003).  
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Figure 2.2 - Typical HPLC-DAD chromatogram (shown at 320 nm) of methanolic 
extracts from shredded carrots after 48 h of storage at 20 C under common air 
atmospheric conditions. Peak assignments: 1. 3-O-caffeoylquinic acid (3-CQA), 2. 
ferulic acid (FA); 3. 3,5-dicaffeoylquinic acid (3,5-diCQA); 4. 4,5-dicaffeoylquinic 
acid (4,5-diCQA). 3-CQA and FA were identified based on their spectra 
characteristics and ESI-MS
-
 fragmentation patterns as compared with authentic 
standards. 3,5- and 4,5-diCQA were tentatively identified based on similarities of 
spectra characteristics and ESI-MS
-
 fragmentation patterns as detailed in Table 
2.2.  
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Table 2.2 - HPLC-DAD and HPLC-ESI-MS
-
 analyses of phenolic compounds from methanolic extracts of carrots. 
Peak # 
(Retention time 
min) 
max                  
(nm) 
Compound 
[M - H]- 
(m/z) 
MS
2 
(m/z)
a
 MS
3 
(m/z) 
1 (5.7) 244, 247, 326 3-O-caffeoylquinic acid b 353 179.11, (191.11)  
2 (14.6) 239, 261, 302 Ferulic acid b 193   
3 (16.8) 327, 297, 247, 224 3,5-dicaffeoylquinic acid c 515 353  179, (191) 
4 (17.6) 327, 297, 248, 224 4,5-dicaffeoylquinic acid c 515 353 173, (179), 191 
aIons in parentheses represent the most intense product ions. 
bIdentified based on their spectra characteristics and ESI-MS- fragmentation patterns as compared with authentic standards. 
cTentative identification based on similarities of spectra characteristics and ESI MS- fragmentation patterns (Clifford and others 2003)
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The concentration of individual phenolic compounds produced and accumulated 
by wounding and hyperoxia stresses in carrots is shown in Figure 2.3. The accumulation 
of 3-CQA, 3,5-diCQA, and 4,5-diCQA was enhanced as the wounding intensity 
increased (Figure 2.3A, 2.3C and 2.3D; Table 2.3). Among the samples stored under air 
the shredded carrots induced the highest production and accumulation of 3-CQA with 
2000% of increase compared with wholes before storage (Figure 2.3A). The 3,5-
diCQA was not detected in the wholes carrots and the application of wounding stress 
produced 34 mg/kg of this compound as shown for shredded carrots stored under air 
(Figure 2.3C). The concentration of 4,5-diCQA was increased by 1680% with 
wounding stress on the shredded-carrots (Figure 2.3D). In the particular case of 4,5-
diCQA, no significant difference was detected between the shreds and the pie-cuts (p < 
0.05), indicating that both wounding intensities are equally efficient to produce and 
accumulate this compound. On the other hand, the application of wounding stress in 
samples stored under air only enhanced the concentration of FA in the sliced and pie-
cuts carrots by 156% and 72%, respectively, compared with wholes before storage 
(Figure 2.3B). The concentration of this compound among the other samples treated with 
air remained unchanged (Figure 2.3B). The lack of accumulation of FA in the shredded 
carrots may be explained in terms of rate of production and utilization. It is well known 
that wounding stress induce the production of lignin and suberin during wound healing 
in carrots (Rittinger and others 1987). Lignin is composed of monolignols residues that 
are synthesized from hydroxycinnamic acids precursors such as FA (Boerjan and others  
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Figure 2.3 - Effect of wounding and hyperoxia stresses on the production and 
accumulation of 3-O-caffeoylquinic acid (A), ferulic acid (B), 3,5-dicaffeoylquinic 
acid, and 4,5-dicaffeoylquinic acid of carrots stored at 20°C for 48 h. Data 
represents the mean of five replicates and their standard error. Bars with different 
letters indicate statistical difference by the LSD test (p < 0.05). * Not detected.  
 
Table 2.3 - Effect of wounding and hyperoxia stresses on the production of 
accumulation of 3-O-caffeoylquinic acid (3-CQA), ferulic acid (FA), 3,5-
dicaffeoylquinic acid (3,5-diCQA) and 4,5-dicaffeoylquinic acid (4,5-diCQA) of 
carrots stored at 20°C for 48 h. NS, non-significant or *, **, *** significant at P < 
0.05, 0.01, 0.001 respectively; n = 5.  
 
Significance 
3-CQA FA 3,5-diCQA 4,5-diCQA 
Wounding *** *** *** ** 
Hyperoxia * * ** *** 
Wounding x Hyperoxia NS NS NS NS 
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2003). Therefore, FA in the shredded carrot may be synthesized at the same rate as it is 
utilized for lignin and suberin synthesis.  
The application of hyperoxia stress in the wounded tissue increased the 
concentration of 3-CQA in the pie-cuts and shreds by 100% and 45%, respectively, 
when compared with air treated samples (Figure 2.3A). In addition, hyperoxia positively 
affected the accumulation of 3,5-diCQA and 4,5-diCQA in the pie-cuts (Figure 2.3C and 
2.3D). The concentration of 3,5-diCQA in the hyperoxia treated pie-cuts samples were 
similar to the concentration obtained in the shredded carrots stored under air  (Figure 
3C), while for 4,5-diCQA this increase was even higher (Figure 2.3D). However, 
hyperoxia did not significantly affect (p > 0.05) the accumulation of 3,5-diCQA and 4,5-
diCQA on the shredded and sliced tissue (Figure 2.3C and 2.3D). Interestingly, the 
application of hyperoxia in the whole carrots increased the concentration of FA and 4,5-
diCQA by 158% and 1293%, respectively, compared with wholes before storage 
(Figure 2.3B and 2.3D). Therefore, the increased concentration of total PC induced by 
hyperoxia in the whole tissue (Figure 2.1A) may be mainly attributed to the stress-
induced accumulation of FA and 4,5-diCQA. 
 
 Effect of wounding and hyperoxia stresses on the respiration rate of carrot tissue  
To further understand some of the physiological events involved in the stress-
induced accumulation of phenolics in carrots subjected to wounding and hyperoxia, the 
respiration rates during the storage of shredded and wholes carrots treated with air and 
hyperoxia were studied (Figure 2.4). The respiration rate of carrots was increased by the  
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Figure 2.4 - Effect of wounding and hyperoxia on the respiration rate of carrots 
stored at 20°C for 48 h. Whole and shredded carrots were stored under two 
different atmospheres: air and hyperoxia (80% O2). Data represents the mean of 
three replicates and their standard error. 
 
Table 2.4 - Effect of time, wounding and hyperoxia stresses on the repiration rate of 
carrots stored at 20°C for 48 h. NS, non-significant or *, **, *** significant at P < 
0.05, 0.01, 0.001 respectively; n = 3.  
 
Significance 
Respiration rate 
Time *** 
Wounding *** 
Hyperoxia *** 
Time x Hyperoxia *** 
Wounding x Hyperoxia *** 
Time x Wounding x Hyperoxia *** 
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application of wounding stress, and after 18 h of storage the whole and shredded carrots 
treated with hyperoxia showed higher respiration rate values compared with samples 
treated with air (p < 0.05, Figure 2.4; Table 2.4).  
Respiration is known as one of the sources of ROS (Mittler 2002; Murphy and 
DeCoursey 2006), which activate plant defense related genes (Dixon and Paiva 1995). 
ROS are also related with the accumulation of antioxidants such as phenolics in plants 
subjected to environmental stresses (Dixon and Paiva 1995; Chen and others 2008). 
Therefore, the higher total PC observed in whole and shredded carrots treated with 
hyperoxia (Figure 2.1) may be attributed to higher ROS levels produced by the increased 
respiration rates (Figure 2.4). 
 
Effect of wounding and hyperoxia stresses on the enzymatic activities of superoxide 
dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT) 
In addition to the ROS potentially generated by the increased respiration rate in 
the wounded carrots (Figure 2.4), other sources of ROS, such as the plasma membrane 
NADPH oxidase may be activated by wounding and hyperoxia stresses. NADPH 
oxidase as well as respiration produces superoxide radical (O2.-) which is converted into 
hydrogen peroxide (H2O2) by SOD. These ROS (O2.- and H2O2) may be acting as 
signaling molecules activating the phenylpropanoid metabolism (Dixon and Paiva 1995). 
Since high levels of H2O2 are toxic for plants, the activity of detoxifying enzymes such 
as APX and CAT is needed for a fine modulation of H2O2 levels below toxic 
concentrations (Mittler 2002). 
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To understand the effect of wounding and hyperoxia stresses on SOD, APX, and 
CAT the activity of the enzymes was evaluated on the whole and the shredded carrots 
before and during storage under air and hyperoxia conditions (Figure 2.5; Table 2.5). 
Wounding stress induced an immediate activation of SOD (Figure 2.5A). The shredded 
carrots showed 113% higher SOD activity than the whole tissue at 0 h. However, no 
immediate effect of wounding was observed on the activities of APX and CAT (Figure 
2.5B and 2.5C). The immediate activation of SOD can be related with a concomitant 
immediate stress-induced production of its substrate O2.- to produce H2O2. Since APX 
and CAT detoxify plants from H2O2, it is possible that they are not activated until H2O2 
reaches toxic levels, thus an immediate effect of wounding on the activity of these 
enzymes was not observed. 
An increase in SOD activity was observed in whole and shredded carrots during 
the evaluated period (Figure 2.5A). A 50% increase in SOD activity was observed in 
the whole carrots after 24 h of storage, and a decrease in SOD activity to the initial 
levels were observed at 36 h. Hyperoxia stress did not affect significantly (p > 0.05) 
SOD activity. SOD activity in shredded carrots decreased during the first 12 h of 
storage. After 12 h the activity increased, reaching its maximum values at 36 h of storage 
with a subsequent decrease in activity to the initial levels at 48 h. Since hyperoxia did 
not affect SOD activity, H2O2 levels produced by SOD may be similar under air and 
hyperoxia conditions.  
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Figure 2.5 - Effect of wounding and hyperoxia on the activity of carrot superoxide 
dismutase (A), ascorbate peroxidase (B), and catalase (C). Whole and shredded 
carrots were stored at 20°C for 48 h under two different atmospheres: air and 
hyperoxia (80% O2). Data represents the mean of five replicates and their standard 
error. 
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Table 2.5 – Effect of storage time, wounding and hyperoxia on the activity of carrot 
superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT). NS, 
non-significant or *, **, *** significant at P < 0.05, 0.01, 0.001 respectively; n = 5.  
 
Significance 
SOD APX CAT 
Time *** *** *** 
Wounding *** *** *** 
Hyperoxia NS *** *** 
Time x Wounding *** *** *** 
Time x Hyperoxia NS *** *** 
Wounding x Hyperoxia NS NS NS 
Time x Wounding x Hyperoxia NS *** *** 
 
 
 
 
 
 
 
 
 
 
 
 
 
32 
 
APX was activated through storage time (Figures 2.5B, Table 2.5). In general, 
whole and shredded carrots stored under air showed higher APX activity compared with 
hyperoxia treated samples. These results indicate that hyperoxia inhibits the wound-
induced APX activation through time. Since the activity of SOD in air and hyperoxia 
treated shreds were similar (Figure 2.5B), the results suggest that hyperoxia treated 
samples had higher accumulation of H2O2. Given that H2O2 may be activating the 
phenylpropanoid metabolism, the lower H2O2 detoxification ability of hyperoxia treated 
samples may be inducing the higher total PC observed in the hyperoxia treated wholes 
and shreds (Figure 2.1A). 
An increase in CAT activity ( 78%) was observed in the shredded carrots stored 
under air at 12 h of storage (Figure 2.5C). However, the activity returned to its original 
value at 24 h and a significant increase (p < 0.05) in the activity of the enzyme was 
observed at 48 h in all samples with the exception of wholes stored under hyperoxia 
conditions. This activation was higher in shreds ( 189% of increase) compared with 
whole carrots stored under air ( 55% of increase). The later activation of CAT compared 
with APX can be related with the concentration of H2O2 present in the plant cell. APX 
has affinity for H2O2 at µM ranges while the affinity of CAT for H2O2 is at the mM 
range. Mittler (2002) suggested that this difference in substrate affinity might be related 
with the function of the enzyme. APX is responsible to finely modulate ROS to serve as 
signaling molecule. On the other hand, CAT is responsible for removal of ROS when 
toxic levels are reached. Those toxic levels may be reached at 48 h of storage where 
CAT activation is observed.    
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Effect of wounding, hyperoxia and diphenyleneiodonium chloride (DPI) treatments 
on NADPH oxidase activity 
The ROS generated by the plasma membrane NADPH oxidase may be acting as 
signaling molecules that are triggering the stress-induced accumulation of phenolic 
compounds in carrots (Figure 2.1). Therefore, the effect of wounding and hyperoxia 
stresses on NADPH oxidase activity was studied (Figure 2.6; Table 2.6). The activity of 
the enzyme was evaluated before and immediately after wounding in the shredded 
carrots. In addition, the activity of NADPH oxidase was determined during the storage 
of the shredded and whole carrots treated with air and hyperoxia. Likewise, shredded-
carrots were dipped in either a DPI solution or water immediately after wounding and 
the effect of both treatments on NADPH oxidase was evaluated (Figure 2.6). 
A 72% of increase in NADPH oxidase activity was observed immediately after 
wounding suggesting an instant O2.- production (Figure 2.6). Dipping the shredded 
carrots in water or DPI inhibited the wound-induced activation of NADPH oxidase. 
Likewise, water and DPI dips reduced the activity of the enzyme in the shredded carrots 
by 45% and 6%, respectively, compared with wholes. These results suggest that the 
water dips induced removal of a chemical signal produced at the site of cutting, which is 
triggering the wound-induced activation of NADPH oxidase. That signal may be the 
extracellular ATP, since it has been reported to activate the NADPH oxidase mediated 
O2.- production in Arabidopsis thaliana (Song and others 2006). 
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Figure 2.6 - Effect of dipping shredded carrots in H2O or in a solution with 
diphenyleneiodonium chloride (DPI, 317 µM) on nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase activity. Control and treated samples were stored at 
20°C for 48 h in two different atmospheres: air (A) and hyperoxia (80% O2) (B). 
Data represents the mean of five replicates and their standard error. * Whole 
carrots before storage. 
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Table 2.6 – Effect of storage time, hyperoxia, diphenyleneiodonium chloride (DPI) 
and water treatments on nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase activity. NS, non-significant or *, **, *** significant at P < 0.05, 0.01, 0.001 
respectively; n = 5.  
 
Significance 
NADPH oxidase activity 
 Control Watera DPIb 
Hyperoxia NS NS NS 
Time *** *** *** 
Hyperoxia x Time ** *** NS 
Water *** -- --- 
DPI *** *** --- 
a Compared against control shreds. 
b Compared against water treated shreds. 
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During the first hours of storage, the activity of NADPH oxidase rapidly 
decreased in the air and hyperoxia treated shreds to levels even lower than the whole 
carrots before storage (Figure 2.6; Table 2.6). After 4 h of storage, the activity of 
NADPH oxidase started to increase. This reactivation of NADPH oxidase occurred more 
rapidly in the hyperoxia treated shredded carrots (Figure 2.6B) compared with the air 
treated samples (Figure 2.6A). The maximum NADPH oxidase activity during storage 
was observed at 12 h and 36 h for the hyperoxia and air treated samples, respectively. A 
decrease in the activity of the enzyme was observed in the air treated samples at 48 h of 
storage (Figure 2.6A). The activity of NADPH oxidase during storage shows a similar 
pattern as observed for SOD activity (Figure 2.5A). Wounding immediately activated 
both enzymes and their activity decreased during the first h of storage. Additionally, 
both enzymes showed a second reactivation during storage. This data suggest that during 
storage SOD produces H2O2 from the O2.- generated by NADPH oxidase and a 
subsequent oxidative burst may be occurring in the shredded carrots. Similar 
observations have been reported for potato tubers (Razem and Bernards 2003). The 
authors found that immediately after wounding an initial burst of ROS occurs within the 
first hours. Furthermore, the authors reported that three other massive bursts occurred at 
42, 63 and 100 h after wounding. It is suggested that the first oxidative burst may be 
triggering the activation of the phenylpropanoid metabolism to accumulate soluble 
phenolics, while the second may be associated with wound healing and is involved in the 
oxidative cross-linking of suberin poly(phenolics) (Razem and Bernards 2003).   
37 
 
Shredded carrots treated with water showed a decrease in NADPH oxidase 
activity over time (Figure 2.6). The inactivation of NADPH oxidase by the application of 
DPI was irreversible during the evaluated period. The DPI and water treated shreds 
showed lower NADPH oxidase activity compared with wholes before and during storage 
(data not shown). Whole carrots stored under hyperoxia conditions showed slightly 
higher NADPH oxidase activity during storage compared with wholes stored under air 
(data not shown). These data suggest that hyperoxia itself induces the activation of 
NADPH oxidase, and thus the hyperoxia treated samples may have higher O2.- 
concentrations.  
 
Effect of wounding, hyperoxia and diphenyleneiodonium chloride (DPI) treatments 
on phenylalanine ammonia lyase (PAL) activity 
In order to understand the potential role of ROS produced by NADPH oxidase on 
the stress-induced synthesis of phenolics in carrots, the activity of PAL was determined 
during the storage of shredded tissue dipped on either a DPI solution or water, and stored 
under air and hyperoxia conditions. In addition, PAL activity was determined on the 
wholes and non-dipped shreds (controls) stored under both atmospheric conditions.  
Wounding did not induce an immediate activation of PAL activity (Figure 2.7, 
Table 2.7). Similarly, an immediate effect of DPI or water dips on PAL activity was not 
observed. An increase in PAL activity was observed in all samples during storage 
(Figure 2.7). The maximum activity of PAL in the control carrot shreds was reached at 
24 h of storage.  
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Figure 2.7 - Effect of dipping shredded carrots in H2O or in a solution with 
diphenyleneiodonium chloride (DPI, 317 µM) on phenylalanine ammonia lyase 
activity. Control and treated samples were stored at 20°C for 48 h in two different 
atmospheres: air and hyperoxia (80% O2). Samples were evaluated at 0 h and after 
48 h of storage. Data represents the mean of five replicates and their standard 
error. 
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Table 2.7 – Effect of storage time, hyperoxia, diphenyleneiodonium chloride (DPI) 
and water treatments on phenylalanine ammonia-lyase (PAL) activity. NS, non-
significant or *, **, *** significant at P < 0.05, 0.01, 0.001 respectively; n = 5.  
 
Significance 
PAL activity 
 Control Watera DPIb 
Hyperoxia *** ** NS 
Time *** *** * 
Hyperoxia x Time NS NS NS 
Water *** -- -- 
DPI *** *** -- 
a Compared against control shreds. 
b Compared against water treated shreds 
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Compared with wholes before storage, the control shreds stored under air for 24 
h showed 7020% higher activity. The induction of PAL was even higher when the 
shredded carrots were stored for 24 h under hyperoxia conditions (Figure 2.7). After 24 
h of storage, the activity of PAL on the control shreds remained constant. These results 
indicate that the wound-induced activation of the phenylpropanoid metabolism is higher 
when hyperoxia is applied on the wounded tissue as can be observed on the 
accumulation of total PC (Figure 2.1A). Likewise, the activity of PAL during the storage 
of the whole carrots exposed to hyperoxia was slightly higher compared with the wholes 
stores under air (data not shown). These increases on PAL activity and total PC in the 
hyperoxia treated control shreds and whole carrots may be explained in terms of ROS 
concentration. Since hyperoxia increases the respiration rate of the tissue (Figure 2.4) 
and partially inhibits the wound-induced activation of APX (Figure 2.5B) the 
concentration of ROS is increased, which may be acting as signal to activate PAL. 
The shredded-carrots dipped on water showed lower PAL activity compared with 
the controls (Figure 2.7). Their maximum PAL activity was reached at 36 h of storage 
where 6900% higher activity was observed compared with whole carrots before 
storage. Interestingly, no significant effect of hyperoxia (p > 0.05) on PAL activity was 
observed at 36 h of storage of the shredded carrots dipped on water. At 48 h of storage 
the activity of PAL decreased on these samples, showing a higher decrease the samples 
stored under air compared with those under hyperoxia. The decreased PAL activity 
observed during the storage of the shredded carrots dipped on water may be attributed to 
partial removal of the chemical signal that trigger the wound-induced activation of PAL. 
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The exact nature of the wound signal that activates PAL remains unknown. Previous 
research on lettuce suggests that it is a chemical signal synthesized at the site of 
wounding that diffuses from the site of injury into adjacent cells (Kang and Saltveit 
2003). This chemical signal may be partially removed from the site of injury by the 
water dips.  
The activity of PAL during storage of the shreds dipped on DPI solution 
remained constant during the first 36 h where the air-treated shreds showed 1700% 
higher activity compared with time 0 h samples (Figure 2.7). Likewise, at 48 h of storage 
the shreds dipped on DPI solution and treated with hyperoxia showed a significant 
1660% of increase in PAL activity. Compared with the controls, the activation of PAL 
in the DPI treated samples is drastically reduced indicating that ROS produced by 
NADPH oxidase is playing a major role on the wound-induced activation of PAL.  
 
Effect of diphenyleneiodonium chloride (DPI) and water treatments on the stress-
induced accumulation of total phenolic compounds (PC) in carrots  
The total PC values were determined after 48 h of storage of the shredded carrots 
dipped on DPI and water and treated with air and hyperoxia (Figure 2.8; Table 2.8). The 
water dips reduced the accumulation of total PC by 36% in both the hyperoxia and air 
treated samples. The accumulation of phenolic compounds was almost completely 
blocked on the DPI treated shreds where only a slight 40% of increase was observed on 
their total PC value compared with wholes before storage. No significant difference on  
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Figure 2.8 - Effect of dipping shredded carrots in H2O or in a solution with 
diphenyleneiodonium chloridechloride (DPI, 317 µM) on the accumulation of total 
phenolic compounds. Treated samples were stored at 20°C for 48 h in two different 
atmospheres: air and hyperoxia (80% O2). Samples were evaluated at 0 h and after 
48 h of storage. Data represents the mean of five replicates and their standard 
error. 
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Table 2.8 – Effect of hyperoxia, diphenyleneiodonium chloride (DPI) and water 
treatments on total phenolics accumulation in shredded-carrots. NS, non-
significant or *, **, *** significant at P < 0.05, 0.01, 0.001 respectively; n = 5.  
 
Significance 
Total phenolics 
accumulation 
Hyperoxia NS 
DPI *** 
Water *** 
Hyperoxia x DPI NS 
Hyperoxia x Water NS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
44 
 
the total PC values between the DPI treated shreds stored under air and hyperoxia 
conditions was observed, suggesting that the initial oxidative burst produced by NADPH 
oxidase is needed to trigger the higher accumulation of total PC produced by hyperoxia 
on wounded tissue (Figure 2.8). The reduced accumulation of total PC observed on the 
DPI treated samples (Figure 2.8) match with their reduced activation of PAL and 
NADPH oxidase as compared with the controls (Figure 2.6 and 2.7). These results 
suggest that ROS synthesized by NADPH oxidase are needed for the stress-induced 
accumulation of phenolic compounds produced by wounding and hyperoxia on carrots. 
 
Hypothetical model explaining the role of reactive oxygen species (ROS) on the 
stress-induced production of phenolic compounds in carrots  
 The present study generated new information that allowed the formulation of a 
hypothetical model explaining the role of ROS as signaling molecules for the wound-
induce production of phenolics in carrots (Figure 2.9). Since ROS produced by NADPH 
oxidase play a major role on the activation of PAL and thus on the production of 
phenolics in wounded carrots, it is speculated that extracellular ATP accumulated at the 
site of injury plays a key role as primary signal triggering ROS production (Song and 
others 2006).    
Upon the application of wounding stress, cell disruption occurs, inducing the 
liberation of cytosolic ATP into the extracellular matrix. The released ATP diffuses from 
the site of injury into adjacent cells, where it is recognized by its receptor at the plasma 
membrane. Once ATP binds to its receptor, the cytosolic Ca2+ concentration is increased, 
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triggering the activation of NADPH oxidase (Figure 2.6) and thus O2.- production (Song 
and others 2006). Superoxide radical is transformed into H2O2 by SOD (Figure 2.5A). 
These ROS (O2.- and H2O2) act as a signal that increase the mitochondria respiration rate 
in the tissue (Figure 2.4), inducing higher ROS levels (Mittler 2002; Murphy and 
DeCoursey 2006). Simultaneously, ROS activate the phenylpropanoid metabolism 
producing phenolic compounds (Figure 2.1A) such as 3-CQA, FA, 3,5-diCQA, and 4,5-
diCQA (Figure 2.3). Since high levels of ROS are toxic for plant cells, APX and CAT 
activity increases (Figure 2.5B and 2.5C, respectively) in order to finely tune ROS levels 
(Mittler 2002). Hyperoxia applied in the wounded tissue induces higher ROS levels by 
both increasing the respiration rate and partially inhibiting the wound-induced activation 
of APX and CAT (Figure 5B and 5C, respectively). These increased ROS levels in the 
wounded tissue treated with hyperoxia induced a higher activation of PAL (Figure 2.7) 
and thus higher accumulation of phenolic compounds (Figure 2.1A).  
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Figure 2.9 - Hypothetical model explaining the role of reactive oxygen species 
(ROS) on the stress-induced production of phenolic compounds in carrots. 
Ascorbate peroxidase (APX); superoxide dismutase (SOD); catalase (CAT); 
phenylalaniene ammonia-lyase (PAL); 3-O-caffeoylquinic acid (3-CQA); ferulic 
acid (FA); 3,5-dicaffeoylquinic acid (3,5-diCQA); 4,5-dicaffeoylquinic acid (4,5-
diCQA).  
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Conclusions 
The application of extreme conditions of wounding stress in carrots induced 
significant increases in the accumulation of total phenolics after 48 h of the application 
of the stress. The accumulation of total PC was higher when hyperoxia stress was 
applied on the wounded tissue due to higher accumulation of 3-CQA. The stress-induced 
synthesis of phenolics not only had a significant effect on the total PC but also on their 
profile. The use of a NADPH oxidase blocker, DPI, drastically decreased the wound-
induced accumulation of phenolics in the tissue, demonstrating that ROS play a key role 
as signaling molecule for the accumulation of PC. The application of hyperoxia stress in 
the wounded-tissue increased the respiration rate and partially inhibited the wound-
induced activation of the detoxifying enzyme APX, suggesting that samples treated with 
hyperoxia accumulate higher ROS levels which triggered higher accumulation of 
phenolic compounds.  
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CHAPTER III 
 
IDENTIFICATION OF GENES DIFFERENTIALLY EXPRESSED IN CARROTS 
AFTER WOUNDING 
 
Synopsis 
Carrots subjected to extreme conditions of wounding stress produce and 
accumulate phenolic compounds. To increase our understanding on the molecular 
mechanisms involved on this stress-response, and to gain insights on additional bioactive 
compounds that may be accumulated as a result of wounding stress in carrot tissue, a 
subtractive cDNA library was constructed.  
Wounded carrot tissue was stored at 20°C for 24 h. To obtain the subtractive 
cDNA library, the suppression subtractive hybridization (SSH) technique was performed 
with control samples (non-wounded, time 0 h samples) as the driver and wounded-
samples as the tester. A total of 1,056 clones from the forward library were selected 
randomly and after sequencing and BLAST searching 335 unique expressed sequence 
tags (ESTs) sequences were obtained. ESTs sequences with a putative identity showed 
involvement in stress-signaling pathways as well as on the primary and secondary 
metabolism. In addition, ESTs sequences related with disease and stress response genes 
were identified in the subtractive cDNA library.  
The wound induced activation of genes involved in the biosynthesis of stress-
signaling molecules, primary and secondary metabolism was confirmed by real-time 
quantitative reverse transcription PCR (qRT-PCR). Genes related with the biosynthesis 
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of ethylene (ET), jasmonic acid (JA), and reactive oxygen species (ROS) were up-
regulated by wounding. In addition, wounding promoted the expression of genes 
involved on the biosynthesis of phenolics and other bioactive compounds such as the 
furanocumarins and alkaloids. Similarly, wounding up-regulated genes associated with 
primary metabolism, which seems to be fundamental to supply the carbon skeletons 
needed for the wound-induced synthesis of secondary metabolites as well as to provide 
the reducing power (NADPH) required by biochemical reactions occurring in the 
wounded carrot tissue.  
These results suggest that upon the application of wounding stress signaling 
molecules activate the metabolic machinery of carrots. The wound-induced activation of 
the primary and secondary metabolism pathways of carrots may be exploited as a 
strategy to produce plant bioactives. To the best of our knowledge, this is the first report 
on the global response of carrots to wounding stress at the mRNA level.  
 
Introduction 
Plants are continuously exposed to mechanical wounding and thus they have a 
well-designed metabolic machinery that rapidly respond synthesizing proteins and 
secondary metabolites that hamper pathogens invasion at the injured site. Several plant 
secondary metabolites (phytochemicals) have potential application on the treatment of 
different degenerative diseases. Numerous crop plants such as potato (Diretto and others 
2007), rice (Ye and others 2000), and tomato (Niggeweg and others 2004), have been 
genetically engineered to produce higher levels of health-promoting phytochemicals. 
50 
 
However, metabolic engineering is technically complex and thus additional and more 
practical approaches to produce plant bioactives are needed.  
The wound-induced production of secondary metabolites can be exploited as a 
practical and effective strategy to produce high levels of bioactive compounds. Carrots 
respond to wounding stress producing and accumulating phenolic compounds, mainly 
hydroxycinnamic acids (Heredia 2006; Surjadinata 2006), which have potential uses in 
the treatment and prevention of chronic-diseases such as obesity (Thom 2007), diabetes 
(Balasubashini and others 2004), hepatitis B (Wang and others 2009), cardiovascular 
diseases (Olthof and others 2001b), neurodegenerative diseases (Kanski and others 2002; 
Kim and others 2005), and HIV (Robinson and others 1996; Zhu and others 1999). 
Little is known on the molecular mechanism governing the wound-induced 
production and accumulation of phenolic compounds in carrots. Hydroxycinnamic acids 
are monolignols precursors, which are used for lignin and suberin production during 
wound healing (Boerjan and others 2003). Since carrots accumulate hydroxycinnamic 
acids, it is implied that these phenolics are synthesized at a higher rate compared with 
their rate of utilization. The synthesis of hydroxycinnamic acids and lignin induced by 
wounding stress in carrots seems to be the result of the activation of the phenylpropanoid 
metabolism together with those metabolic pathways involved in the supplementation of 
carbons skeletons needed for phenolics biosynthesis such as the glycolysis, the oxidative 
pentose phosphate pathway (OPPP), and the shikimate pathway. Different signaling 
molecules, such as ethylene (ET), jasmonic acid (JA), and reactive oxygen species 
(ROS) has been reported to be produced by wounding stress as well as to activate plant 
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defense genes, including those from the phenylpropanoid metabolism (Dixon and Paiva 
1995; Song and others 2006). 
The objectives of this chapter were: (i) to generate a subtractive cDNA library to 
better understand the global response of carrots to wounding stresses, and (ii) to identify 
genes up-regulated by wounding stress potentially involved on the production of 
secondary metabolites with health promoting properties.  
 
Materials and Methods 
 
Plant material and processing 
Carrots (Daucus carota) were obtained from a local market (HEB, Bolthouse 
Farms, Bakersfield, CA, USA). Carrots were sorted, washed and disinfected with 
chlorinated water (250 ppm, pH 6.5). To prepare the shredded carrots (2 mm x 3 mm x 
40-60 mm), whole carrots were wounded with a food processor. The samples were 
stored at 20ºC for 24 h in 4 L glass jars. The jars were periodically ventilated to avoid 
CO2 accumulation >0.5%.  
 
RNA extraction, isolation of poly A
+
 mRNA and cDNA synthesis 
Total RNA from time 0 h samples and time 24 h-shreds was separately isolated 
following the hot borate method (Wan and Wilkins 1994). Isolation of poly A+ mRNA 
from total RNA was performed using the Oligotex mRNA Spin-Column kit (Qiagen). 
Purified poly A+ mRNA from time 0 h samples and time 24 h-shreds were used for 
cDNA synthesis by the PCR-SelectTM cDNA subtraction kit (Clontech). 
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Suppression subtractive hybridization (SSH) and generation of cDNA library 
SSH was conducted using PCR-SelectTM cDNA subtraction kit (Clontech). 
Forward and a reverse cDNA libraries were generated. Forward SSH was performed 
using cDNA from time 24-h shreds samples as tester and cDNA from time 0 h-wholes as 
driver. For the reverse SSH, 0 h-wholes and 24 h-shreds samples were used as tester and 
driver, respectively. Briefly, the tester and driver cDNAs were digested with the 
restriction enzyme RsaI (provided in the kit) to obtain short, blunt-ended fragments. The 
tester was divided in two populations. One population was ligated to adaptor 1 and the 
other to adaptor 2R (both provided in the kit). Each tester was then hybridized with 
excess driver using a driver/tester ratio of 2:1 (v/v). The two reactions were mixed 
together for a second SSH. Fragments in the tester (time 24 h-shreds) cDNA, but not in 
the driver (time 0 h-wholes) were specifically amplified in two PCRs (25 cycles of 
primary PCR and 12 cycles of secondary PCR) with the advantage cDNA polymerase 
mix (provided in the kit). qRT-PCR analysis was performed to estimate the efficiency of 
subtraction by comparing the cycle threshold (Ct) of -tubulin before and after 
subtraction. qRT-PCR reactions were carried out using -tubulin specific primers 
(forward primer 5’-CTTGCTGGGAACTTTACTGCCT-3’, reverse primer 5’- 
CAAAGATTGCACGAGGTACATGC-3’). The Ct values for -tubulin transcript using 
the subtracted and unsubtracted cDNAs as templates were 38 and 23, respectively, 
indicating that the subtraction was carried out appropriately.  
An aliquot of 10 µl of secondary PCR reaction from the subtracted cDNA 
sequences was purified using a S.N.A.P.TM column kit (Invitrogen), and 3 µl of the 
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purified secondary PCR reaction was inserted into the T/A cloning vector pGEM-T Easy 
(Promega) and cloned into One Shot® TOP10 chemically competent Escherichia coli 
(Invitrogen) following manufacturer’s recommendations. Individual transformants 
carrying cDNA fragments were isolated from white colonies on X-gal agar plates and 
placed in an arrayed 96-well format. Plasmid DNA preparations and sequencing were 
performed for the obtained clones were performed by Macrogen Corp (Rockville, MD, 
USA).  
 
Sequence analysis and functional classification 
All the generated sequences were compared to the NCBI database using the 
Basic Local Alignment Search Tool (BLAST; http://www.ncbi.nlm.nih.gov/BLAST/). 
The clones of genes were classified according to their metabolic function as genes 
related to stress-signaling pathways, primary metabolism genes, secondary metabolites 
biosynthesis genes, other disease and stress response genes, other metabolic genes, novel 
genes, and unidentified function genes.  
 
Analysis of differential expression of genes by real-time quantitative reverse 
transcription PCR (qRT-PCR)  
To confirm the differential expression of genes involved on stress-signaling 
pathways as well as on the primary and secondary metabolism, a qRT-PCR approach 
was used. Total RNA from time 0 h samples and time 24 h-shreds were separately 
isolated following the hot borate method (Wan and Wilkins 1994). Total RNA was 
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treated with DNAse using the RNase-Free DNase Set (Qiagen) and cleaned up using the 
RNeasy Mini Kit (Qiagen) following manufacture’s recommendations. First strand of 
cDNA was obtained by reverse transcription reaction with 2 µg of total RNA as 
template, using SuperScript™ III Reverse Transcriptase (Invitrogen) and random 
hexamers (IDT), according to standard procedures. The single stranded cDNA obtained 
was subjected to qRT-PCR. Quantitative RT-PCR was performed with the ABI prism 
7900 HT Sequence Detection System (Applied Biosystems) using Power SYBR® Green 
PCR Master Mix (Applied Biosystems) and gene-specific primers (IDT) that were 
designed using the Primer Premier 5.0 software (Premier Biosoft International). 
Conditions, procedures and analyses for qRT-PCR were performed as described by 
Salzman and others (2005).  
qRT-PCR experiments were performed by triplicate and the expression values 
were normalized against -tubulin. To test whether -tubulin behaved as a housekeeping 
gene, cDNA samples from wounded and non-wounded carrots analyzed by qPCR were 
synthesized with dap spike mRNA (obtained from the ATCC; number 87486) added as 
internal control (0.01%) (González-Agüero and others 2008). For each cDNA, transcript 
abundances of -tubulin and dap were analyzed by qPCR and the ratios of dap to -
tubulin were calculated for all samples. Results demonstrated that abundance of -
tubulin remains unaltered between samples (data not shown). Quantitative qRT-PCR 
analyses were performed by triplicate using cDNA templates made from total RNA 
isolated from three independently prepared samples. Ampliﬁcation speciﬁcity was 
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determined by dissociation curve analysis, and the ampliﬁcation product sizes were 
conﬁrmed in an agarose gel to ensure the absence of non-speciﬁc PCR products.  
The relative expressions of the genes were calculated as 2^( Ct), where: 
Ct = ( Ctwhole carrots cDNA) - ( Ct wounded-carrots cDNA) 
Ct = (mean Ct cDNAtest primers) -  (mean Ct cDNA -tubulin primers) 
 
Results and Discussion 
Subtractive cDNA library construction 
A total of 1,056 clones from the forward library were selected randomly and after 
sequencing and BLAST searching 335 unique ESTs sequences were obtained. ESTs 
were classified according to their metabolic function as genes related to stress-signaling 
pathways (12%), primary metabolism genes (3%), secondary metabolites biosynthesis 
genes (8%), other disease and stress response genes (13%), other metabolic genes (33%), 
novel genes (28%), and unidentified function genes (3%). This chapter shows and 
discusses the results obtained for the ESTs that showed identity similar to genes related 
with stress-signaling pathways, primary metabolism and secondary metabolites 
biosynthesis. However, the whole EST library is shown in the Appendix.  
 
Genes with putative function related to stress-signaling pathways up-regulated by 
wounding stress in carrots 
Genes identified with putative function related with the biosynthesis and 
signaling of ET, JA, and ROS were up-regulated by wounding stress in carrots (Table 
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3.1). Wounding in carrots activated ESTs encoding S-adenosyl-L-methionine (SAM) 
synthetase and 1-aminocyclopropane-1-carboxylate (ACC) synthase, enzymes from the 
ET biosynthesis pathways. ET is synthesized from L-methionine via SAM and ACC. 
ACC synthase catalyzes the conversion of SAM into ACC, which is the rate-limiting 
step in ET biosynthesis. The wound-induced activation of these two ESTs in carrots 
encoding SAM synthetase and ACC synthase suggests that wounding stress is promoting 
the production of ET. The wound-induced production of ET in carrot tissue has been 
previously reported (Surjadinata 2006). Similar observations have been reported for 
wounded winter squash (Watanabe and others 2001) and mung bean hypocotyls (Song 
and others 2003). 
The activation of several defense genes in plants subjected to abiotic stresses is in 
many instances determined by a cross-talk between the ET and JA signaling pathways 
(O'Donnell and others 1996; Lorenzo and others 2003).  Such cross-talk occurs when 
both signaling molecules (ET and JA) simultaneously activate a transcription factor that 
activates response genes, for instance the ETHYLENE RESPONSE FACTOR1 (ERF1) 
in Arabidopsis thaliana that regulates defense response genes (Lorenzo and others 
2003). In the wound-induced EST library from carrots (Table 3.1) an EST showed a 
deduced identity similar to the ethylene-responsive transcription factor 1B (ERF1B) 
suggesting that a cross-talk between ET and JA signaling pathways may be related with 
the activation of defense genes in carrots. ETSs with deduced identity similar to omega-
6 fatty acid desaturase, lipoxygenase (LOX) 2, LOX 5, and 12-oxo-phytodienoate 
reductase (12-OPDA reductase) were expressed at higher level in the wounded tissue  
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Table 3.1 - Genes with putative function involved on the biosynthesis and signaling of ethylene, jasmonic acid and 
reactive oxygen species activated by wounding stress in carrots.  
 
Sequence 
ID 
Size 
(bp) 
Gene 
identification 
Accession 
n° 
(i) E-value 
EST 
redundancy 
for a gene 
(%) 
Sequence for forward (F) and reverse 
(R) primers (5’3’) 
Relative 
expression
 (ii) 
Ethylene signaling genes 
2401-G1 
 
418 
 
Ethylene-responsive 
transcription factor 1B, 
putative [Ricinus communis, 
XM_002531493] 
N/A 1x10-99 0.10 F: TGGCTCTGAAGAAGAAGCATTCG 
R: CAGCACCTAAGTCCTCAAACACA 
107.84±22.34 
Ethylene biosynthesis genes 
2408-C2 
 
1175 
 
S-adenosyl-L-methionine 
synthetase 1 [Daucus carota, 
AY583461] 
Already 
registered 
0.0 0.20 F: GCAACAACAGGTTCCTGAAGAC 
R: TCCCACTTGAGGGGCTTGACTA 
21.04±4.32 
2402-D6 699 
 
1-aminocyclopropane-1-
carboxylate synthase [Carica 
papaya, AM113989] 
N/A 1x10-59 0.93 F: GCTGTTTCTCGCTAATTTGCTG 
R: ACTGGAAGAAATCGGCATCAAG 
3.86±0.78 
Jasmonic acid biosynthesis genes 
2405-E7 520 Lipoxygenase 2 [Actinidia 
deliciosa, DQ497797] 
N/A 4x10-128 0.20 F: TTAAGAGGGGAATGGCAGTTGAG 
R: GTCTTGTAGTAGAAGCCGCAGTA 
556.43±61.18 
 
2401-F12 374 Lipoxygenase 5 [Actinidia 
deliciosa, DQ497796] 
N/A 1x10-58 0.20 F: CGACCCTGATGGCGTTTACCT 
R: TCCAATCTGGGATGTCTCGTTGT 
498.17±58.91 
 
2401-H7 495 12-oxophytodienoate 
reductase, putative [Vitis 
vinifera, XM_002281083] 
N/A 4x10-116 1.34 F: GGATGAAAAGTGTAGGAGAGAAG 
R: CGTAACCCCCAGCAACAATAAA 
197.04±26.24 
2406-E9 383 Omega-6 fatty acid desaturase 
[Petroselinum crispum, 
U86072] 
N/A 2x10-157 1.23 F: ACAACTCATCGGAATGGGATTGG 
R: AGTATCAGTGATGTTATGGAGCACC 
46.34±9.75 
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Table 3.1 – continued. 
Sequence 
ID 
Size 
(bp) 
Gene 
identification 
 
Accession 
n° 
(i) E-value 
EST 
redundancy 
for a gene 
(%) 
Sequence for forward (F) and reverse 
(R) primers (5’3’) 
Relative 
expression 
(ii)
 
Jasmonic acid biosynthesis genes 
2406-F4 897 3-ketoacyl-CoA thiolase B 
[Mangifera indica, X75329] 
N/A 0.0 1.13 F: CATTTAAGAAGGATGGGACCACA 
R: GCGGCAAAACTCCTGAATACACC 
35.96±2.47 
2406-H7 768 Fatty acid 
desaturase/hydroxylase 
[Daucus carota, AF349965] 
Already 
registered 
0.0 0.62 F: CTTGAGAACGACGAGGTTTATGT 
R: CATTGAACATCAGATACAGAGGGA 
18.48±5.74 
 
Reactive oxygen species biosynthesis genes 
2401-D7 555 NADH-ubiquinone 
oxidoreductase, putative 
[Prunus armeniaca, 
AF139496] 
N/A 6x10-146 2.05 F: GTGCCAGAAACACTGCCAGAG 
R: AAGATCAATCCATCCGCCTCAG 
523.27±43.24 
 
2406-C9 265 Glycolate oxidase, putative 
[Vitis vinifera, 
XM_002278068] 
N/A 1x10-61 0.30 F: TGATGGTGAGGCTGGTGTGAGT 
R: GTGTGATCTCTTTGATTGAGCGG 
27.9±0.48 
 
Reactive oxygen species modulation/detoxification genes  
2401-B1 912 NADPH:quinone reductase, 
putative  [Vitis vinifera, 
XM_002262940] 
N/A 2x10-85 1.44 F: TTTGAGGAGTTGCCTGAGAAGT 
R: ATGTGACACCAGGTTCAGTAAC 
123.81±33.45 
 
2410-E5 509 Glutathione-s-transferase 
omega, putative [Ricinus 
communis, XM_002525158] 
N/A 1x10-72 2.88 F: CCAGATGACCCTGCTAAAAGAGA 
R: GAGAGCCGTTTCCATGTAATCAA 
113.98±11.43 
 
2402-A6 559 Peroxidase [Panax ginseng, 
AB232686] 
N/A 2x10-102 0.62 F: GCAAGTGGACCTAGCGAGAAAA 
R: CCGCAAGAGCAGTAATATCAGC 
34.10±4.81 
2405-E8 653 Anionic peroxidase 
[Petroselinum crispum, 
L36981] 
N/A 0.0 0.41 F: TGGTAGGGTTGTTTCTTGTGCTG 
R: GTTGGCTAAGGTTGCTTCTGTTG 
30.94±4.29 
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Table 3.1 – continued.
Sequence 
ID 
Size 
(bp) 
Gene 
identification 
Accession 
n° 
(i) E-value 
EST 
redundancy 
for a gene 
(%) 
Sequence for forward (F) and reverse 
(R) primers (5’3’) 
Relative 
expression 
(ii)
 
Reactive oxygen species modulation/detoxification genes 
2402-D7 561 Glutathione S-transferase 
[Petroselinum crispum, 
AF177944] 
N/A 6x10-140 1.13 F: GTATCACATTCCTGGACAAGACC 
R: TTCTCAGAAGTTGGCAATACACC 
28.72±9.63 
 
2407-D2 161 Glutathione peroxidase 
[Litchi chinensis, FJ172343] 
N/A 9x10-42 0.10 F: AAAGGTGGACTCTTTGGTGATGG 
R: AATGCTGAGAGGAGAGGTTGTG 
26.95±4.52 
 
2406-D3 286 Thioredoxin H-type 1, 
putative [Nicotiana 
benthamiana, GQ354821] 
N/A 8x10-59 0.20 F: TGCTAAGAAGATGCCTCATGTCA 
R: CAACCCTGTCCACAATTATCCCT 
5.71±0.94 
 
2404-E6 531 Peroxiredoxin, putative [Vitis 
vinifera, XM_002283616] 
N/A 3x10-105 0.10 F: TTTGTGATGAAGGCGTGGAAGG 
R: CAAATCAAGCTCAACCCCGATAG 
5.45±0.92 
 
(i) Identification number on the SSH library. 
(ii) N/A = Not available, sequence not previously reported for carrots. 
(iii) Data represents the mean of three replicates  standard error of the mean.  
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(Table 3.1), suggesting that the octadecanoid signaling pathway is up-regulated by 
wounding stress in carrots. In addition, an EST with identity similar to the 3-ketoacyl-
CoA thiolase B that is involved on the last step in -oxidation, where the last steps of JA 
biosynthesis take place (Aﬁtlhile and other 2005), was activated by wounding in carrots 
(Table 3.1). This data suggest that JA concentrations are increased due to wounding as 
previously reported for potato tuber (Koda and Kikuta 1994).  
 Carrots subjected to wounding stress immediately produce reactive oxygen 
species (ROS). The activity of NADPH oxidase (Chapter II, Figure 2.6) and SOD 
(Chapter II, Figure 2.5A) as well as the accumulation of superoxide radical (O2.-) and 
hydrogen peroxide (H2O2) occurs just after wounding (Heredia 2006; Surjadinata 2006).  
The absence of ESTs with homology to NADPH oxidase and SOD on the wound-
induced subtractive EST library in carrots is because both genes may be part of an early 
response, and the ESTs subtractive library was obtained from mRNAs differentially 
expressed 24 h after wounding. However, ESTs with homology to genes that encode 
enzymes such as the glycolate oxidase (GOX) and the NADH-ubiquinone 
oxidoreductase indicated that additional sources of ROS are wound-induced (Table 3.1). 
GOX is localized in the peroxisomal and synthesizes H2O2 (Mittler 2002), while in 
Yarrowia lipolytica NADH-ubiquinone oxidoreductase is the major source of O2.- at the 
mitochondria (Galkin and Brandt 2005). Additional ESTs associated with ROS 
detoxification enzymes are up-regulated by wounding, suggesting that the antioxidant 
enzyme system is activated to protect the plant cell from toxic ROS levels (Table 3.1).  
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Genes with putative function related with the primary metabolism up-regulated by 
wounding stress in carrots  
 The application of wounding stress in carrots activated genes related with the 
primary metabolism (Table 3.2). ESTs with homology to genes encoding enzymes from 
the glycolysis (fructose-biphsphate aldolase, FBiA; cofactor-independent 
phosphoglyceromutase, PGM) and the oxidative pentose phosphate pathway (6-
phosphogluconate dehydrogenase, 6-PGD) were up-regulated by wounding stress in 
carrots (Table 3.2). The wound-induced activation of glycolysis and OPPP may be 
important for both, to provide carbon skeletons needed for secondary metabolites 
biosynthesis as well as to supply NADPH required for different biochemical reaction 
such as ROS production, ROS detoxification and lignin biosynthes (Pryke and Rees 
1977; Corpas and others 1998; Bolton 2009). Likewise, the substrates for the shikimate 
pathway, phosphoenolpyruvate (PEP) and erythrose-4-phosphate (E-4P), are produced 
by the glycolysis and the OPPP, respectively (Herrmann and Weaver 1999).  
 ESTs with homology to genes encoding enzymes from the shikimate pathway 
were also up-regulated by wounding stress in the carrot tissue (Table 3.2).  The ESTs 
showed identity similar to 3-Deoxy-D-arabino heptulosonate-7-phosphate (DAHP) 
synthase and 5-enolpyruvylshikimate 3-phosphate synthase (EPSP synthase). DAHP 
synthase catalyzes the first committed step in aromatic amino acids biosynthesis, which 
are essential for secondary metabolism and protein synthesis. The shikimate pathway 
produces chorismate that is used by chorismate mutase to synthesize prephanate. 
Prephanate is then converted to arogenate, which is subsequently transformed to  
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Table 3.2 - Genes with putative function related with the primary metabolism up-regulated by wounding stress in 
carrots.  
Sequence 
ID 
Size 
(bp) 
Gene identification 
Accession     
n° 
(i) E-value 
EST 
redundancy 
for a gene 
(%) 
Sequence for forward (F) and reverse (R) 
primers (5’3’) 
Relative 
expression 
(ii) 
Glycolisis and pentose phosphate pathway genes  
2410-E8 518 6-phosphogluconate 
dehydrogenase, putative 
[Populus trichocarpa, 
XM_002311387] 
N/A 8x10-170 0.51 F: GCCCTTGTGTTACATACATTGGT 
R: AGTTCCTCGTTTGAGAGTTTACC 
14.29±2.45 
 
2408-A11 269 Fructose-bisphosphate aldolase, 
putative [Ricinucs communis, 
XM_002528547] 
N/A 6x10-66 0.20 F: AGTTCCCACTGTTGTGTTTTTGTC 
R: ACTCCATGACTTCTTTGCCTTCA 
6.52±1.36 
2409-F3 354 Cofactor-independent 
phosphoglyceromutase [Apium 
graveolens, AJ132256] 
N/A 1x10-153 0.10 F: GGCGTATGTATGTTACAATGGAC 
R: TAGCCTTGGGTTCTGCCCTTAG 
5.49±0.33 
 
Shikimate pathway genes  
2401-F9 927 3-deoxy-D-arabino-
heptulosonate [Petroselinum 
crispum, AF012864] 
N/A 0.0 0.82 F: GATGCTATCAGGGCTGAAGTCAA 
R: CCTAGATCATCAAAAGTCACGGTTC 
 
35.29±4.61 
 
2410-E2 733 5-enolpyruvylshikimate 3-
phosphate synthase 
[Camptotheca acuminata, 
AY639815] 
N/A 0.0 0.31 F: TAGGAGCAACAGTTGAAGAGGGT 
R: ATCTGAACAGGCAGCAAGAGAGA 
25.78±1.04 
 
Aromatic amino acid biosynthesis genes 
243-C5 459 Chorismate mutase-prephenate 
dehydratase, putative [Vitis 
vinifera, XM_002268665] 
N/A 2x10-82 0.20 F: CGAGCACACGTTGACGAAGCTA 
R: AAATTCCGCAGCTCCAGCAGT 
29.87±4.42 
 
(i) Identification number on the SSH library. 
(ii) N/A = Not available, sequence not previously reported for carrots. 
(iii) Data represents the mean of three replicates  standard error of the mean. 
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L-phenylalanine. The activation of an EST with identity similar to chorismate mutase-
prephenate dehyratase was also observed in the wounded samples suggesting that L-
phenylalanine production is increased in the stresses-tissue and afterward used by the 
secondary metabolism.   
The wound-induced up-regulation of 3-Deoxy-D-arabino heptulosonate-7-
phosphate synthase (DAHP synthase) and chorismate mutase, key regulatory enzymes of 
the shikimic acid pathway, has also been reported in Brassica juncea seedlings, 
Arabidopsis thaliana, tomato and potato (Dyer and others 1989; Keith and others 1991; 
Sharma and others 1999). This up-regulation of the shikimic acid pathway in carrots 
tissue may be also of interest from a pharmaceutical perspective. Shikimate, which is 
produced via the shikimic acid pathway, is a high valued compound since it is utilized 
for the synthesis of Tamiflu®, a drug used for the treatment of viral infections such as 
influenza (Krämer and others 2003; Escalante and others 2010).  
 
Genes with putative function related with the secondary metabolism up-regulated 
by wounding stress in carrots  
The up-regulation of genes related with the biosynthesis of secondary 
metabolites whit health-promoting properties was also observed as a result of wounding 
in carrots (Table 3.3 and Table 3.4). Phenylalanine ammonia-lyase gene (gDcPAL1), 
which encodes PAL, the enzyme that catalyzes the rate-limiting step in phenolics 
biosynthesis, was expressed at higher level in the wounded tissue confirming that 
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wounding stress activates the phenylpropanoid metabolism at the gene level in carrots 
(Table 3.2).  
In addition to PAL gene, other two ESTs with homology to genes encoding 4-
coumarate-CoA ligase (4CL) and trans-cinnamate 4-monooxyenase (C4H) enzymes 
were up-regulated by wounding. 4CL and C4H are involved on the biosynthesis of 
hydroxycinamic acid precursors; phenolic compounds that are produced and 
accumulated by wounding stress in carrots (Chapter II, Figure 1A and Figure 3). In 
addition, ESTs with identity similar to genes encoding enzymes involved on flavonoids 
biosynthesis in plants such as the chalcone synthase 2 (CHS2), flavone synthase I (FSI) 
and hydroxycinnamoyl-CoA:anthocyanin 3-O-glucoside-6"-O-hydroxycinnamoyl 
transferase were expressed at higher level in the wounded tissue. However, to the best of 
our knowledge there are no previous reports indicating that carrots produce and 
accumulate flavonoids as a response to wounding stress.   
The up-regulation of ESTs with homology to genes encoding enzymes related 
with the biosynthesis of lignin and suberin precursors was observed in the wounded-
carrot tissue (Table 3.3). These results indicate that ligning and suberin biosynthesis 
pathways are activated by wounding in carrots as a result of wound healing to protect the 
tissue from water lost and pathogen attack (Boerjan and others 2003; Franke and 
Schreiber 2007). Since the hydroxycinnamic acids are substrates for the lignin and 
suberin synthesis during wound healing, their accumulation in wounded carrot tissue 
may be related with a higher rate of production than that of utilization. 
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 Table 3.3 - Genes with putative function related with the biosynthesis of phenolic compounds up-regulated by 
wounding stress in carrot.
Sequence 
ID 
Size 
(bp) 
Gene identification 
Accession     
n° 
(i) E-value 
EST 
redundancy 
for a gene 
(%) 
Sequence for forward (F) and reverse (R) 
primers (5’3’) 
Relative 
expression
(ii) 
Hydroxycinnamic acids biosynthesis genes 
2407-H10 733 4-coumarate-coa ligase  
[Populus trichocarpa, 
XM_002304328] 
N/A 6x10-97 1.95 F: GGGACTACTGGGACTTCCAAAG 
R: AGCCAAATAAACCATCTCCCAGC 
2174.63±246.2 
 
2411-C9 866 Phenylalanine ammonia-lyase 
(gDcPAL1) [Daucus carota, 
D85850] 
Already 
registered 
0.0 1.74 F: AGGGCAAACCCGAATTTACTGAC 
R: CATAAGAGCTTCCATCCAAGATG 
65.37±2.09 
 
2405-D9 392 Trans-cinnamate 4-
monooxygenase [Petroselinum 
crispum, L38898] 
N/A 1x10-153 1.85 F: CCTGGAATCATCCTTGCATTGC 
R: TGTCCTCCTTTCTCTGCTGTGT 
41.26±4.75 
 
Flavonoids biosynthesis genes 
2406-D5 364 Hydroxycinnamoyl-
CoA:anthocyanin 3-O-glucoside-
6"-O-
hydroxycinnamoyltransferase 
[Petunia x hybrida, AB026495] 
N/A 7x10-48 0.10 F: GTTTGATGGGATGGTGTTTTTGC 
R: CCTTGTCTGCCTCTAGTTTCTTC 
113.32±23.89 
 
2408-E6 432 Favone synthase I  
[Daucus carota, AY817675] 
Already 
registered 
0.0 0.10 F: TCACGGTATTGACAGCGGTTTG 
R: TCACCCTGAAGATGAGTGGAGA 
15.25±2.98 
 
2405-F9 936 Chalcone synthase 2  
[Daucus carota, AJ006780] 
Already 
registered 
2x10-104 0.31 F: CCACTATTCGGCTCCCTCGTT 
R: CTCTGATTTGGAGTGTCCCCA 
3.58±1.80 
 
Lignin biosynthesis genes  
2407-F2 602 Cinnamoyl-CoA reductase  
[Codonopsis lanceolata, 
AB243011] 
N/A 6x10-155 0.82 F: AATCCCTCAGCAGCAGGAAGATA 
R: TTGGTAGGCACGGGGTATTCAG 
609.15±152.24 
 
2409-D9 513 Caffeoyl-CoA 3-O-
methyltransferase  
[Petroselinum crispum, M69184] 
N/A 0.0 0.31 F: TATTCTCTCCTTGCCACTGCTCT 
R: CCCTCTCTGAAGTCAATTTTGTG 
27.10±4.68 
2405-F5 755 Cinnamyl alcohol dehydrogenase  
[Aralia cordata, D13991] 
N/A 0.0 0.82 F: GGAGGCAATGGATCATCTTGGT 
R: GAGAGGTAAGGTTCGAGTGGGT 
16.87±4.72 
(i) Identification number on the SSH library. 
(ii) N/A = Not available, sequence not previously reported for carrots. 
(iii) Data represents the mean of three replicates  standard error of the mean.  
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In addition to the up-regulation of genes related with the biosynthesis of phenolic 
compounds, wounding stress in carrots activates other ESTs with homology to genes 
encoding enzymes related with the biosynthesis of other high valued secondary 
metabolites such as the furanocoumarins and alkaloids (Table 3.4). However, as 
mentioned for flavonoids, no previous reports show that wounded-carrot tissue produces 
and accumulates these secondary metabolites. Likewise, the pathways involved on the 
biosynthesis of these secondary metabolites may not be present in carrots and thus the 
genes may be associated with other metabolic functions. For instance, genes homologues 
to the berberine bridge-putative identified in this work have completely different 
function to the berberine bridge enzyme that catalyzes the conversion of S-reticuline to 
S-scoulerine during benzophenanthridine alkaloid biosynthesis in plants. Such is the case 
of the tobacco nectarine V, which is a flavin-containing berberine bridge enzyme-like 
protein with glucose oxidase activity (Carter and Thornburg 2004). 
 
Wounding stress as a tool to activate the primary and secondary metabolism of 
carrots: Potential application for the production of plant bioactives 
 The generation of the wound-induced subtractive cDNA library in carrots 
increased our understanding on the molecular events taking places in the carrot tissue as 
a result of wounding stress. The pathways activated by wounding stress in carrots are 
summarized in Figure 3.1. Upon the application of wounding stress ET, JA, and ROS 
biosynthesis genes were up-regulated, promoting the production of these signaling 
molecules which are key regulators of plant defense mechanisms. 
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Table 3.4 - Genes with putative function related with the biosynthesis of secondary metabolites with health promoting 
properties up-regulated by wounding stress in carrots.
Sequence 
ID 
(i)
 
Size 
(bp) 
Gene identification
 Accession     
n°
 (i) E-value 
EST 
redundancy 
for a gene 
(%) 
Sequence for forward (F) and reverse (R) 
primers (5’3’) 
Relative 
expression 
(ii)
 
Furanocoumarin biosynthesis genes 
2410-D12 393 Bergaptol O-methyltransferase 
[Glehnia littoralis, AB363638] 
N/A 5x10-144 3.08 F: CTATGGTTCAACGCATCCTCC 
R: TGTCCAGCAATAGAGCCACTC 
12.71±5.26 
 
Alkaloids biosynthesis gene 
2407-H8 711 Berberine bridge, putative 
[Populus trichocarpa, 
XM_002333922] 
N/A 6x10-116 1.13 F: TGGGAGAAGACTTATTTTGGGCTA 
R: AAACAGTGACGGTAGATGGGACA 
 
2410-F2 369 Reticuline oxidase precursor, 
putative [Ricinus communis, 
XM_002523118] 
N/A 3x10-71 0.51 F: CAGGCTGCTGTAGTATGCGTGA 
R: CAGATCAACCACAACAAACGGTG 
 
(i) Identification number on the SSH library. 
(ii) N/A = Not available, sequence not previously reported for carrots. 
(iii) Data represents the mean of three replicates  standard error of the mean.  
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Genes involved on the primary and secondary metabolism showed higher 
expression in the wounded carrot tissue. Although the up-regulation of the primary 
metabolism in wounded plants has been previously reported (Dyer and others 1989; 
Keith and others 1991; Sharma and others 1999), the role of ET, JA, and ROS on 
activating these pathways is not fully understood. The activation of the primary 
metabolism may be crucial for the biosynthesis of secondary metabolites, since it 
generates the carbon skeletons (aromatic amino acids) needed for secondary metabolites 
production. In addition, the OPPP is the major source of NADPH, which is needed for 
different biochemical reactions occurring in the wounded carrot tissue, for instance 
lignin and ROS biosynthesis as well as ROS detoxification (Pryke and Rees 1977; 
Corpas and others 1998).  
Wounding stress up-regulates the expression of genes related with the 
biosynthesis of secondary metabolites with health promoting properties. The 
involvement of ET, JA, and ROS on the accumulation of secondary metabolites has been 
previously studied by using inhibitors of their biosynthesis and/or action. These studies 
have demonstrated that these signaling molecules play an important role on the 
production and accumulation of phenolic compounds, ligning and suberin in wounded 
plant tissues such as lettuce, carrots, and Camptotheca acuminata (Bernards and Razem 
2001; Razem and Bernards 2003; Saltveit 2004; Heredia 2006; Kim and others 2006). In 
addition, it is well known that JA induces the activation of genes related with the 
biosynthesis of alkaloids (Memelink and others 2001) and furanocoumarins (Milksch 
and Boland 1996).  
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Figure 3.1 - Pathways activated by wounding stress in carrots. 
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The up-regulation of the primary and secondary metabolism induced by 
wounding stress in carrots suggests that primary and secondary metabolites of interest 
such as shikimic acid, phenolics, furanocoumarins, and alkaloids are being synthesized 
in the tissue. This demonstrates the potential use of wounding stress as a tool for the 
production of high commercial value plant bioactives. 
 
Conclusions 
The information obtained from the SSH cDNA library helped to better 
understand the global response of carrots to wounding stresses. Results demonstrated 
that wounding stress up-regulates genes related with the primary and secondary 
metabolism of carrots. Additionally, genes related with stress-signaling pathways were 
activated, indicating the potential involvement of ET, ROS and JA on mediating this 
stress-response. The wound-induced activation of the metabolic machinery of carrots 
may be used as a practical and effective strategy to induce the accumulation of 
secondary metabolites with health promoting properties. 
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CHAPTER IV 
 
EFFECT OF REACTIVE OXYGEN SPECIES, ETHYLENE AND JASMONIC 
ACID ON THE REGULATION OF THE WOUND-RESPONSE AND PHENOLIC 
ACCUMULATION IN CARROTS  
 
Synopsis 
 The wound-induced response of plants is mediated by signaling molecules such 
as reactive oxygen species (ROS), ethylene (ET) and jasmonic acid (JA). However their 
specific role and interactions that modulate the wound-respond in carrots is not fully 
understood. In the present chapter the role of ROS, ET and JA on the wound-response in 
carrot tissue was determined. Inhibitors of ROS biosynthesis, ET action, and JA 
biosynthesis alone and in combination were applied on shredded carrot tissue in order to 
reveal the regulatory roles of ET, JA, and ROS on the wound-response in carrot tissue. 
The relative expression of genes with putative function related with the biosynthesis of 
stress signaling molecules was determined. Results allowed the elucidation of a 
hypothetical model of the mechanism exerted by these signaling molecules for the 
regulation of the wound-induced response in carrots. Likewise, the relative expression 
values of genes with putative function related to primary and secondary metabolism was 
determined on the shredded carrots treated with ROS, ET and JA inhibitors. It was found 
that ROS play a major role on the activation of the primary and secondary metabolism of 
carrots as well as on the accumulation of phenolic compounds. ET and JA seem to act 
controlling ROS levels, and thus modulating the wound-induced activation of the 
primary and secondary metabolism of carrots. The information generated in this 
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investigation opens the possibility of envisage strategies for the efficient use of carrots 
on the production of phenolic compounds.  
  
Introduction 
The application of extreme conditions of wounding stress in carrots induces the 
accumulation of phenolic compounds (PC), mainly hydroxycinnamic acid with potential 
applications in the nutraceutical and pharmaceutical industries. In Chapter II of this 
dissertation, the physiological role of ROS on the wound-induced accumulation of 
phenolics in carrots was discussed. Shredded-carrots treated with diphenyleneiodonium 
chloride (DPI) an inhibitor of NADPH oxidase ROS production inhibited the wound-
induced accumulation of total PC in the wounded tissue. These results demonstrated that 
ROS play a key role on the production and accumulation of phenolics in carrots. In 
addition to NADPH oxidase and superoxide dismutase (SOD), which are activated by 
wounding stress in carrots (Chapter II), other genes related with the biosynthesis of ROS 
with putative identity similar to glycolate oxidase (GOX) and NADPH-ubiquinone 
oxidoreductas are up-regulated by wounding in carrots (Chapter III). GOX is localized in 
the peroxisome and synthesizes H2O2 (Mittler 2002), whereas NADH-ubiquinone 
oxidoreductase produces O2.- at the mitochondrion (Galkin and Brandt 2005). This 
wound-induced activation of the putative GOX and NADH-ubiquinone oxidorecutase 
genes suggest that additional sources of ROS are active in the wounded carrot tissue and 
may be involved on the regulation of the wound-response.  
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In addition to ROS, other signaling molecules such as ET and JA mediate the 
wound-response in plants (O'Donnell and others 1996; Watanabe and others 2001; 
Orozco-Cárdenas and others 2001). Genes with putative function related with ET and JA 
biosynthesis are up-regulated by wounding stress in carrots (Chapter III). Although ROS 
play a key role as signaling molecule for the wound-induced accumulation of phenolics 
in carrots (Chapter II), a possible cross-talk between the three signaling pathways may 
be modulating both the primary and secondary metabolism, as well as the production of 
phenolic compounds in the carrot tissue.  
In the present chapter the relative expression through time of genes with putative 
function related with the biosynthesis of ROS, ET, and JA as well as those related with 
the primary and secondary metabolism was evaluated and the promptness of their 
response to wounding stress was determined. In addition, inhibitors of ROS biosynthesis 
(diphenyleneiodonium chloride, DPI), ET action (1-methylcyclopropene, 1-MCP), and 
JA biosynthesis (phenidone, PHEN) alone and in combination were applied on the 
wounded-carrot tissue in order to determine, based on the gene relative expression, the 
regulatory role of ET, JA and ROS on the wound-response in carrot tissue. In the present 
chapter we addressed the following questions: (i) how ROS, ET, and JA interact to 
mediate the wound-response in carrots?; (ii) how ROS, ET, and JA modulate genes with 
putative function related with the primary and secondary metabolism in wounded-carrot 
tissue?; (iii) how ROS, ET and JA affect the wound-induced production of total and 
individual phenolic compounds in carrots?. The information generated in this chapter 
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can be useful to envisage strategies for the efficient use of carrots on the production of 
valuable bioactive compounds.  
 
Materials and Methods 
Chemicals 
 Folin-Ciocalteu reagent, sodium carbonate (Na2CO3), diphenyleneiodonium 
chloride (DPI), phenidone (PHEN), methanol (HPLC grade), and acetonitrile (HPLC 
grade), were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Chlorogenic 
acid was purchased from Fisher Scientific (Houston, TX, USA). 1-methylcyclopropene 
(1-MCP) powder (SmartFreshTM) was kindly provided by AgroFreshInc. (Springhouse, 
PA, USA). 
 
Plant material, processing, and storage studies 
Carrots (Daucus carota) were obtained from a local market (HEB, Bolthouse 
Farms, Bakersfield, CA, USA). Carrots were sorted, washed and disinfected with 
chlorinated water (250 ppm, pH 6.5). To prepare the shredded carrots (2 mm x 3 mm x 
40-60 mm), whole carrots were wounded with a food processor. The samples were 
stored at 20ºC for 48 h in 4 L glass jars. The jars were periodically ventilated to avoid 
CO2 accumulation >0.5%. Two independent experiments were performed. On the first 
experiment, the effect of wounding stress on the relative expression of all the genes 
under investigation was evaluated through time in order to determine if the genes had an 
early or late response after wounding stress. On the second experiment, inhibitors of ET, 
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JA, and ROS were applied individually and in combination on the wounded carrot tissue 
and the time at which the relative expression of each gene was evaluated was selected 
based on the first experiment.  
To block ET action, 12 h prior to wounding whole carrots stored at 10 C were 
exposed to headspace vapors (2,000 ppb = 2.0 µl/L) of 1-MCP produced with 1-MCP 
powder (SmartFreshTM) containing 0.14% (w/w) of active ingredient. After the 
application of wounding, the shredded carrots were stored at 20ºC for 48 h in 4 L glass 
jars. Samples were collected at 0, 0.5, 6, 12, 24, and 48 h after wounding. Each time the 
jars were opened either for sampling or for ventilation (to avoid CO2 accumulation 
>0.5%) 1-MCP was applied on the jars to adjust 1-MCP headspace vapors concentration 
(2,000 ppb). Samples exposed to air were used as controls for the 1-MCP treatments. 
Treatments using DPI and PHEN were performed to inhibit ROS and JA 
biosynthesis, respectively. Both inhibitors (DPI and PHEN) were applied by dipping the 
shredded-carrots for 2 min in solutions containing the inhibitors. DPI solutions (315 µM) 
were prepared in 1% DMSO, whereas PHEN solutions (2000 µM) were prepared in 1% 
ethanol (Heredia 2006; Surjadinata 2006). Samples were allowed to dry during few 
minutes and placed inside glass jars where the treatments were stored for at 20ºC for 48 
h. As indicated for the 1-MCP treatments, samples were collected at 0, 0.5, 6, 12, 24, 
and 48 h after wounding. Likewise combinatory treatments (DPI+PHEN, DPI+1-MCP, 
1-MCP+PHEN, and DPI+PHEN+1-MCP) were prepared stored and sampled as 
previously mentioned. For all treatments involving DPI and/or PHEN shredded carrot 
tissue dipped for 2 min on purified water was used as control. 
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RNA extraction and cDNA synthesis 
Total RNA was extracted following the hot borate method (Wan and Wilkins 
1994). RNA quality was determined spectrophotometrically measuring the absorbance 
values at 260 and 280 and calculating the 260/280 ratio. RNA quantity was determined 
spectrophotometrically at 260 nm. The RNA integrity was evaluated on 1% (w/v) 
agarose gels. Total RNA was treated with DNAse using the RNase-Free DNase Set 
(Qiagen) and cleaned up using the RNeasy Mini Kit (Qiagen) according to 
manufacturer’s instructions. First strand of cDNA was obtained by reverse transcription 
reaction with 2 µg of total RNA as template, using SuperScript™ III Reverse 
Transcriptase (Invitrogen) and random hexamers (IDT), according to standard 
procedures. The single stranded cDNA obtained was subjected to real-time quantitative 
reverse transcription PCR (qRT-PCR). 
 
Real-time quantitative reverse transcription PCR (qRT-PCR) analyses 
qRT-PCR was performed with the ABI prism 7900 HT Sequence Detection 
System (Applied Biosystems) using Power SYBR® Green PCR Master Mix (Applied 
Biosystems) and gene-specific primers (IDT) designed using the Primer Premier 5.0 
software (Premier Biosoft International). The sequences for primers are shown in Table 
4.1. With the exception of MnSOD and NADPH oxidase, all primers for qRT-PCR  
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Table 4.1 - Sequences of primers used for real-time quantitative reverse 
transcription PCR (qRT-PCR) analyses. 
 
 
 
 
Putative gene identification 
Sequence for forward (F) and 
reverse (R) primers (5’3’) 
Signaling molecules biosynthesis genes 
S-adenosyl-L-methionine synthetase 1 [Daucus carota, 
AY583461] 
F: GCAACAACAGGTTCCTGAAGAC 
R: TCCCACTTGAGGGGCTTGACTA 
1-aminocyclopropane-1-carboxylate synthase [Carica papaya, 
AM113989] 
F: GCTGTTTCTCGCTAATTTGCTG 
R: ACTGGAAGAAATCGGCATCAAG 
Lipoxygenase 2 [Actinidia deliciosa, DQ497797] F: TTAAGAGGGGAATGGCAGTTGAG 
R: GTCTTGTAGTAGAAGCCGCAGTA 
Lipoxygenase 5 [Actinidia deliciosa, DQ497796] F: CGACCCTGATGGCGTTTACCT 
R: TCCAATCTGGGATGTCTCGTTGT 
12-oxophytodienoate reductase, putative [Vitis vinifera, 
XM_002281083] 
F: GGATGAAAAGTGTAGGAGAGAAG 
R: CGTAACCCCCAGCAACAATAAA 
Omega-6 fatty acid desaturase [Petroselinum crispum, U86072] F: ACAACTCATCGGAATGGGATTGG 
R: AGTATCAGTGATGTTATGGAGCACC 
3-ketoacyl-CoA thiolase B [Mangifera indica, X75329] F: CATTTAAGAAGGATGGGACCACA 
R: GCGGCAAAACTCCTGAATACACC 
NADH-ubiquinone oxidoreductase, putative [Prunus 
armeniaca, AF139496] 
F: GTGCCAGAAACACTGCCAGAG 
R: AAGATCAATCCATCCGCCTCAG 
Glycolate oxidase, putative [Vitis vinifera, XM_002278068] F: TGATGGTGAGGCTGGTGTGAGT 
R: GTGTGATCTCTTTGATTGAGCGG 
NADPH oxidase, putative [ Solanum tuberosum, AB198716]  F: TGGCATCCTTTTTCTATCACTTCT 
R: CACTTAGATAATCATCATCTGGG 
MnSOD, putative [Pisum sativum, X60170] F: CAGTTTGGTACATTGGAGGCG 
R: GGGTCCTGATTTGCAGTGGTCT 
Primary metabolism genes 
3-deoxy-D-arabino-heptulosonate [Petroselinum crispum, 
AF012864] 
F: GATGCTATCAGGGCTGAAGTCAA 
R: CCTAGATCATCAAAAGTCACGGTTC 
5-enolpyruvylshikimate 3-phosphate synthase [Camptotheca 
acuminata, AY639815] 
F: TAGGAGCAACAGTTGAAGAGGGT 
R: ATCTGAACAGGCAGCAAGAGAGA 
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Table 4.1 - continued. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Putative gene identification 
Sequence for forward (F) and 
reverse (R) primers (5’3’) 
Secondary metabolism genes 
4-coumarate-coa ligase [Populus trichocarpa, XM_002304328] F: GGGACTACTGGGACTTCCAAAG 
R: AGCCAAATAAACCATCTCCCAGC 
Phenylalanine ammonia-lyase (gDcPAL1) [Daucus carota, 
D85850] 
F: AGGGCAAACCCGAATTTACTGAC 
R: CATAAGAGCTTCCATCCAAGATG 
Trans-cinnamate 4-monooxygenase [Petroselinum crispum, 
L38898] 
F: CCTGGAATCATCCTTGCATTGC 
R: TGTCCTCCTTTCTCTGCTGTGT 
Chalcone synthase 2 [Daucus carota, AJ006780] F: CCACTATTCGGCTCCCTCGTT 
R: CTCTGATTTGGAGTGTCCCCA 
Caffeoyl-CoA 3-O-methyltransferase [Petroselinum crispum, 
M69184] 
F: TATTCTCTCCTTGCCACTGCTCT 
R: CCCTCTCTGAAGTCAATTTTGTG 
Cinnamyl alcohol dehydrogenase [Aralia cordata, D13991] F: GGAGGCAATGGATCATCTTGGT 
R: GAGAGGTAAGGTTCGAGTGGGT 
Bergaptol O-methyltransferase [Glehnia littoralis, AB363638] F: CTATGGTTCAACGCATCCTCC 
R: TGTCCAGCAATAGAGCCACTC 
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analysis were designed based on sequences from the wound-induced subtractive cDNA 
library (Chapter III). For NADPH oxidase gene, a sequence from a deep-coverage carrot 
bacterial artificial chromosomal (BAC) library (GenBank: FJ147918.1), showed 
similarity to the NADPH oxidase gene from Solanum tuberosum (StrbohC, GenBank: 
AB198716.2) and Nicotiana langsdorffii x Nicotiana sanderae (rbohD, GenBank: 
DQ497543.1). The portion of the carrot sequence (GenBank: FJ147918.1) that showed 
similarity to the NADPH oxidase gene from Solanum tuberosum and Nicotiana 
langsdorffii x Nicotiana sanderae was used to design specific primers (forward primer 
5’-AGTGGGCAATACATGTTTGTCAAA-3’, reverse primer 5’-
CATGGGTGTTGCCCCTATGCC -3’) to further amplify by PCR a putative NADPH 
sequence from carrots. PCR products were analyzed by agarose gel electrophoresis, and 
a band was selected based to the expected fragment size. The selected band was purified 
using the QIAquick gel extraction kit (Qiagen) and sent for sequencing analysis at the 
Institute for Plant Genomics and Biotechnology from Texas A&M University (College 
Station, TX, USA). The obtained sequence was used to design specific primers for qRT-
PCR analysis as shown in Table 4.1. To obtain a putative MnSOD sequence from 
carrots, degenerate primers were designed (forward primer 5’-
GATTATGCAGATACACCACCAGAARCAYCAYCA-3’, reverse primer 5’-
ACACTCTTTTTCATATACTTCAGAAGCATAYTTCCARTT-3’) based on conserved 
protein regions of MnSOD from Pisum sativum, Glycine max, Prunus persica and 
Capsicum annum. As described for NADPH oxidase, PCR products were analyzed by 
agarose gel electrophoresis, the selected band was purified using the QIAquick gel 
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extraction kit (Qiagen) and sent for sequencing analysis. The obtained sequence was 
used to design specific primers for qRT-PCR analysis as shown in Table 4.1. 
Conditions, procedures and analyses for qRT-PCR were performed as described 
by Salzman and others (2005). qRT-PCR experiments were performed by quadruplicate 
and the expression values were normalized against -tubulin. To test whether -tubulin 
behaved as a housekeeping gene, cDNA samples from wounded and non-wounded as 
well as cDNA obtained from samples treated with DPI, 1-MCP, PHEN and all the 
combinatory treatments analyzed by qPCR were synthesized with dap spike mRNA 
(obtained from the ATCC; number 87486) added as internal control (0.01%) (González-
Agüero and others 2008). For each cDNA, transcript abundances of -tubulin and dap 
were analyzed by qPCR and the ratios of dap to -tubulin were calculated for all 
samples. Results demonstrated that the abundance of -tubulin remained unaltered 
between samples (data not shown). Quantitative qRT-PCR analyses were performed by 
quadruplicate using cDNA templates made from total RNA isolated from four 
independently prepared samples. Ampliﬁcation speciﬁcity was determined by 
dissociation curve analysis, and the ampliﬁcation product sizes were conﬁrmed in an 
agarose gel to ensure the absence of non-speciﬁc PCR products.  
The relative expressions of the genes were calculated as 2^( Ct), where: 
Ct = ( Ctwhole carrots cDNA) - ( Ct wounded-carrots cDNA) 
Ct = (mean Ct cDNAtest primers) -  (mean Ct cDNA -tubulin primers) 
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Sample preparation for phytochemical analyses  
 Prior to phytochemical analyses, shredded-carrots were lyophilized using a freeze-
drying system (FTS Systems,Inc., Stone Ridge, NY) at -50 °C and 200 mmHg of 
pressure. Freeze-dried carrot powder ( 250 mg) was homogenized with methanol (20 
mL) using an Ultra-Turrax homogenizer (IKA Works, Inc., Wilmington, NC) and 
centrifuged at 29,000 x g for 15 min at 4ºC. The clear supernatant (methanolic extract) 
was used for the analyses of total soluble phenolics (PC) and for the identification and 
quantification of the individual phenolic compounds by HPLC-PDA and HPLC-DAD 
and HPLC-ESI-MSn. The methanolic extracts were passed through nylon membranes 
(0.2 µm) prior to injection to the chromatographic systems.  
 
Analysis of total soluble phenolics (PC)  
Total soluble phenolics were determined using the method described by Swain 
and Hillis (1959). Methanolic extracts (15 µL) were diluted with nanopure water (240 
µL) in a 96-well microplate well, followed by the addition of 0.25N Folin-Ciocalteu 
reagent (15 µL). The mixture was incubated for 3 min and then, 1N Na2CO3 (30 µL) was 
added. The final mixture was incubated for 2 h at room temperature in the dark. 
Spectrophotometric readings at 725 nm were collected using a plate reader (Synergy HT, 
Bio-Tek Instruments, Inc., Winooski, VT). Total phenolics were expressed as mg 
chlorogenic acid equivalents/g of freeze-dried carrot powder. 
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Identification and quantification of phenolic compounds by HPLC-DAD and 
HPLC-ESI-MS
n
  
The HPLC system was composed of two 515 binary pumps, a 717-plus 
autosampler, and a 996-photodiode array detector (Waters Corp., Mildford, MA). 
Phenolic compounds were separated on a 4.6 mm x 150 mm, C-18 reverse-phase 
Atlantis column (Waters Corp., Mildford, MA) that was maintained at 40 ºC using a 
SpectraPhysics SP8792 column heater. The mobile phases consisted of water/formic 
acid 1% (99:1, v/v, phase A) and acetonitrile (phase B). The gradient solvent system was 
0/85, 5/85, 30/0, 35/0 (min/% phase A). Data was processed with the Millennium 
software v3.1. Mass spectrometric analyses were performed on a Thermo Finnigan LCQ 
Deca XP Max Msn ion trap mass spectrometer equipped with an ESI ion source 
(ThermoFinnigan, San Jose, CA). Separations were conducted using the Phenomenex 
(Torrace, CA) Synergi 4µ Hydro-RP 80A (2 x 150 mm) with a C18 ward column. 
Mobile phases consisted of water/formic acid 1% (99:1, v/v, phase A) and acetonitrile 
(phase B) at a flow rate of 200 µL/min. The gradient solvent system was 0/85, 5/85, 
30/0, 35/0 (min/% phase A). Electrospray ionization was performed in the negative ion 
mode using the following conditions: sheath gas (N2), 50 arbitrary units; auxiliary gas 
(N2), 0 arbitrary units; spray voltage, 4 kV; capillary temperature, 250 ºC; capillary 
voltage, -21 V; tube lens offset, -60 V. The identification of individual phenolics was 
based on their PDA spectra and ESI-MS- fragmentation patterns as compared with 
authentic standards or based on previously reported data (Clifford and others 2003) as 
specified in Chapter II (Table 2.1 and Figure 2.1). 
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Statistical analysis  
Analyses were performed using four replicates. Data represent the mean values 
of samples and bars indicate their standard error. Analyses of variance were conducted 
using JMP software version 5.0 (SAS Institute Inc. Cary, NC, USA) and mean 
separation performed using the LSD test (p < 0.05).  
 
Results and Discussion 
Effect of wounding and storage time on the relative expression of genes related with 
the biosynthesis of reactive oxygen species (ROS), jasmonic acid (JA) and ethylene 
(ET) 
Based on the subtractive cDNA library generated from wounded carrot tissue 
(Chapter III), genes up-regulated by wounding stress related with the biosynthesis of 
stress signaling molecules (specifically ROS, JA and ET), as well as those involved on 
primary and the secondary metabolism pathways were selected to further characterize 
the effect of wounding on their relative expression. 
The effect of wounding on the relative expression of stress signaling genes was 
studied through time in order to determine whereas these genes had an early (within 2 
hours after wounding) or late (after 2 hours following wounding) response, using whole 
carrots as control samples. The relative expression of genes with putative function 
related with the biosynthesis of ROS is shown in Figure 4.1. NADPH oxidase (Figure 
4.1A), manganese superoxide dismutase (MnSOD, Figure 4.1C) and glycolate oxidase 
(GOX, Figure 4.1D) showed an increase on their relative expression within few minutes  
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Figure 4.1 - Relative expression through time of genes with putative function 
related with the biosynthesis of reactive oxygen species (ROS) in wounded carrots. 
NADPH oxidase (A); NADH-ubiquinone oxidoreductase (B); Manganese 
superoxide dismutase (MnSOD, C); Glycolate oxidase (GOX, D). Data represents 
the mean of 4 replicates ± standard error of the mean. Data points with an asterisk 
(*) indicate statistical difference by the LSD test (p < 0.05) with respect the relative 
expression of time 0 h samples. 
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after wounding, demonstrating their potential role in the early wound-induced 
production of ROS. Additionally, these genes also presented late responses. This data is 
in accordance with the activity of NADPH oxidase and SOD enzymes observed 
immediately after wounding and during storage of shredded carrots (Figure 2.6 and 
2.5A, respectively). NADPH oxidase and SOD showed immediate activation after 
wounding. A decrease in activity of both enzymes was observed during the first hours 
after wounding, presenting a subsequent reactivation. It has been suggested that 
immediately after wounding an initial oxidative burst occurs, which triggers early 
response events. Additionally, subsequent oxidative bursts associated with wound 
healing and the oxidative cross-linking of suberin poly(phenolics) may occur as 
observed in potato tuber (Razem and Bernards 2003). In the particular case of NADH-
ubiquinone oxidoreductase (Figure 4.1B) no early response was observed, thus this 
enzyme may be supporting the production of ROS to trigger metabolic events occurring 
at later stages after wounding.  
The relative expression of genes with putative function related with the 
production of ET is shown in Figure 4.2. While the 1-aminocyclopropane-1-carboxylate 
(ACC) synthase gene had an early response (within few minutes after wounding), the S-
adenosyl-methionine (SAM) synthetase 1 presented a late-response (8-12 h after 
wounding). ACC synthase is the key enzyme regulating ET biosynthesis in plants, and 
thus the immediate production of ET after wounding may be directly related with the 
activation of ACC synthase gene as previously reported for Arabidopsis leaves (Arteca 
and Arteca 1999), winter squash (Nakajima and others 1990), and tomato (Tatsuki and 
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Mori 1999). The latter activation of SAM synthetase suggests that SAM is produced 
during storage to further support ethylene synthesis and other biochemical reactions.  
The effect of wounding on the relative expression of signaling genes with 
putative function related with the production of JA was determined through time (Figure 
4.3). Compared with genes related with the biosynthesis of ROS and ET, which showed 
activation during the first hours of storage (< 2 h after wounding), JA biosynthesis genes 
showed later activation, indicating that JA may be produced after ROS and ET. These 
results are in accordance with a previous report on LOX activity, ROS and ET 
production on sliced carrots stored at 15°C (Surjadinata 2006). The author reported that 
during the first 4 h of storage ROS and ET are produced, whereas a significant increase 
in LOX activity (suggesting JA production) is observed at 12 h of storage.  
 It is well known that ROS, ET, and JA are important signal mediators of the 
wound-response in plants. Previous investigations have demonstrated that ROS and JA 
induce the activation of ACC synthase in wounded winter squash (Watanabe and others 
2001). Likewise, it has been proposed that H2O2 acts as second messenger for the 
wound-induced activation of defense genes in tomato plants (Orozco-Cárdenas and 
others 2001). However, it is not well understood if the production of ET, JA, and ROS 
occurs simultaneously or if their wound-induced production is dependent or regulated by 
each other. Likewise, these signaling molecules may be acting collectively to modulate 
the expression of genes from the primary and secondary metabolism.  
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Figure 4.2 - Relative expression through time of genes related with the biosynthesis 
of ethylene (ET) in wounded carrots. 1-aminocyclopropane-1-carboxylate synthase 
(ACC synthase, A); S-adenosyl-methionine synthetase 1 (SAM synthetase, B). Data 
represents the mean of 4 replicates ± standard error of the mean. Data points with 
an asterisk (*) indicate statistical difference by the LSD test (p < 0.05) with respect 
the relative expression of time 0 h samples.  
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Figure 4.3 - Relative expression through time of genes with putative function 
related with the biosynthesis of jasmonic acid (JA) in wounded carrots. Omega 6-
fatty acid desaturase (A); lipoxygenase 2 (LOX 2, B); lipoxyngeanse 5 (LOX 5, C); 
12-oxo phytodienoate reductase (12-OPDA reductase D); 3-Ketoacyl-CoA thiolase 
B (3-KCT, E). Data represents the mean of 4 replicates ± standard error of the 
mean. Data points with an asterisk (*) indicate statistical difference by the LSD test 
(p < 0.05) with respect the relative expression of time 0 h samples.   
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Effect of diphenyleneiodonium (DPI), phenidone (PHEN) and 1-
methylcyclopropene (1-MCP) on the relative expression of jasmonic acid (JA), 
ethylene (ET), and reactive oxygen species (ROS) biosynthesis related genes  
In order to elucidate the role of ROS, ET and JA as well as a potential cross-talk  
between them on the regulation of the wounding stress response in carrot tissue, 
experiments using DPI, PHEN and 1-MCP as ROS, ET and JA inhibitors, respectively, 
were conducted. The effect of these inhibitors on the relative expression of MnSOD, 
GOX, ACC synthase, SAM synthetase, LOX 5, and 12-OPDA reductase was studied 
(Figure 4.4). These genes were selected since they seem to have a primordial role on the 
production and regulation of ROS, ET and JA, based on the results of the previous 
experimental stage (Figures 4.1, 4.2, and 4.3).  
Shredded carrot tissue was submerged on a solution containing either DPI or 
PHEN. Shredded carrots submerged on water were used as control sample in those 
treatments where DPI and PHEN were used either alone or in combination with one 
another as well as with 1-MCP. Since 1-MCP is on gas form, shreds exposed to air were 
used as control samples for 1-MCP treatments. Combinatorial treatments using more 
than one inhibitor at a time were also conducted in order to identify potential interactions 
between ROS, ET and JA. The effect of the inhibitors on the relative expression of the 
selected genes is shown in Figure 4.4. The relative expression of each gene is presented 
at a particular time after wounding. This time was selected based on the particular 
response time of each gene after wounding (Figures 4.1, 4.2 and 4.3). On the case of 
MnSOD, GOX and ACC synthase their relative expression 30 min after wounding is  
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Figure 4.4 - Effect of diphenyleneiodonium chloride (DPI), phenidone (PHEN) and 
1-methylcyclopropene (1-MCP) on the relative expression of genes with putative 
function related with the biosynthesis of stress signaling molecules. Manganese 
superoxide dismutase (MnSOD, A); Glycolate oxidase (GOX, B);  1-
aminocyclopropane-1-carboxylate synthase (ACC synthase, C); S-adenosyl-
methionine synthetase 1 (SAM synthetase, D); 12-oxo phytodienoate reductase (12-
OPDA reductase, E); lipoxygenase 5 (LOX 5, E). Relative expression was obtained 
at a specific time after wounding based on the previous experimental stage. 
MnSOD, GOX and ACC synthase relative expression is shown at 30 min after 
wounding. 12-OPDA reductase relative expression was collected at 6 h after 
wounding. SAM synthetase and LOX 5 relative expression was determined at 12 h 
after wounding.  Data represents the mean of 4 replicates ± standard error of the 
mean. Bars with different letters indicate statistical difference by the LSD test (p < 
0.05). 
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presented, since it was previously determined that these genes presented an early 
response. The relative expression of SAM synthetase, LOX 5 and 12-OPDA reductase 
12 h, 6 h and 12 h after wounding, respectively, is presented (Figure 4.4). 
The use of DPI and PHEN individually did not generate a significant effect on the 
relative expression of MnSOD. However, the use of 1-MCP (an inhibitor of ET action) 
resulted in a significant increase in the expression of MnSOD gene, indicating a negative 
regulation of ET over MnSOD expression (Figure 4.4A). Likewise, in all combinational 
treatments containing 1-MCP an increase on the expression of MnSOD was observed, 
further confirming a negative regulation of ET over the gene. Similar observations have 
been reported for broccoli florets where the application of 1-MCP increased the activity 
of SOD (Yuan and others 2010). This data suggest that ET production may be occurring 
simultaneously with ROS production, and ET may be playing an important role on 
modulating ROS levels by controlling MnSOD activity and gene expression. 
For GOX putative gene, a significant decrement in the relative expression was 
observed when the samples were submerged in water in comparison with the control 
shreds (Figure 4.4B). This effect may be related with the removal due to a washing 
effect of a signaling molecule that is produced at the site of injury, presumably involved 
on the wound-induced activation of the gene. As previously discussed (Chapter II), 
during wounding the cytosolic content of the cells, containing molecules that may trigger 
the wounding stress response, is liberated to the tissue matrix. Therefore, the washing of 
such signals may have a negative effect on the expression of some of the genes related 
with wounding stress responses. That seems to be the case of GOX. As seen for 
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MnSOD, the use of DPI and PHEN alone did not generate a significant difference on the 
relative expression of the gene (Figure 4.4B). However, the use of 1-MCP generated an 
increase in the relative expression of the gene, demonstrating a negative regulation of ET 
over GOX. Furthermore, when 1-MCP was used in combination with PHEN, the 
activation of the gene by wounding was even higher, reflecting a possible cross-talk 
between ET and JA to negatively regulate ROS. The presence of these two signaling 
molecules (ET and JA) may promote the production of a GOX transcriptional repressor. 
These results indicate that ET has at least two different ways to regulate the production 
of ROS (by itself regulating MnSOD and GOX, and in conjunction with JA regulating 
GOX). To our knowledge, these findings have not been reported in any previous works 
for carrot tissue.  
Regarding the putative ACC synthase gene, the use of 1-MCP generated a 
significant increase in the relative expression. Since ACC synthase gene is related with 
the production of ET, a negative feedback regulation of ET may be occurring (Figure 
4.4C). Similar observations have been reported for ‘Saijo' persimmon fruit where the 
application of 1-MCP produced an increase in the expression of DK-ACS2 gene as well 
as on ACC synthase activity (Zheng and others 2006). When 1-MCP was used in 
combination with PHEN, the increase on relative expression was much higher, 
indicating as in the case of GOX gene, a synergistic effect of ET and JA that decreases 
the expression of ACC synthase. The presence of ET and JA may favor the expression of 
transcriptional repressors such as certain ethylene-responsive transcription factors 
(ERFs) (Shinshi 2008), which may be decreassing the expression of ACC synthase. 
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However, the presence of ROS is necessary to observe this effect. When DPI was used 
together with PHEN and 1-MCP the effect on ACC synthase relative expression induced 
by wounding was much lower, indicating a complex cross-talking between ROS, ET and 
JA to regulate the wound-induced gene expression of ACC synthase on the wounded 
tissue.  
Concerning SAM synthetase putative gene (Figure 4.4D), a significant decrease 
in relative expression was observed as a result of submerging the shreds in water, 
probably related with a washing effect as described for GOX. The use of DPI and PHEN 
either individually or in combination, inhibited the activation of SAM synthetase by 
wounding, indicating that the presence on ROS and JA on the tissue favors the 
production of ET at late stages of the wounding stress response. On the other hand, the 
use of 1-MCP had no significant effect on the expression. Although both genes (ACC 
synthase and SAM synthetase) are related with the production of ET, it seems that their 
regulation is related to separate mechanisms. While the wound-induced activation of 
ACC synthase (an early-response gene) seems to be independent of ROS and JA, these 
two signaling molecules up-regulate the expression of SAM synthetase by wounding.  
The use of DPI did not affect the relative expression of the gene identified with 
12-OPDA reductase putative function (Figure 4.4E). However, the use of PHEN 
generated a significant increase in the activation of the gene by wounding, indicating 
that JA has a negative regulatory role. Since 12-OPDA reductase is directly related with 
the production of JA, the presence of such signaling molecule may generate feedback 
regulation. On the other hand, the use of 1-MCP produced a significant decrease on the 
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relative expression of the gene, suggesting that ET production favors the stress-induced 
biosynthesis of JA. Compared with the PHEN+1-MCP treatment, when the three 
inhibitors (DPI+PHEN+1-MCP) were used at the same time an increase in the relative 
expression of the gene was observed, implying that in the absence of ET and JA, the 
absence of ROS favors the wound-induced activation of 12-OPDA reductase gene. 
Regarding the putative LOX 5 gene (Figure 4.4F), the use of DPI, PHEN and 1-MCP, 
either individually or in combination, generated exactly the same effects as the ones 
observed for the putative 12-OPDA reductase gene.  
 
Role and interaction of reactive oxygen species (ROS), ethylene (ET) and  jasmonic 
acid (JA) on the regulation of wounding stress responses in carrot tissue 
Based on the relative expression data previously presented, a theoretical model of 
the role and potential cross-talk of ROS, ET and JA on the regulation of wounding stress 
responses in carrot tissue is proposed (Figure 4.5). Briefly, after wounding takes place in 
the tissue the superoxide radical (O2-), produced by NADPH oxidase (Chapter II) is 
transformed into H2O2 by MnSOD and GOX. Simultaneously, wounding promotes the 
production of ET via ACC synthase. As the concentration of ROS and ET in the tissue 
increases, their role as signaling molecules becomes evident. ROS up-regulate SAM 
synthetase, promoting the formation of ET, while ET is capable to down-regulate both 
MnSOD and GOX, hampering the synthesis of ROS (Figure 4.4A and 4.4B).  
Additionally, ET can down-regulate ACC synthase, likely with a feedback 
mechanism, preventing an excessive accumulation in the tissue. 4 h after wounding, the  
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Figure 4.5 - Hypothetical model explaining the interaction of reactive oxygen 
species (ROS), ethylene (ET) and jasmonic acid (JA) on the regulation of the 
wounding stress response in carrot tissue.  
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synthesis of JA via LOX 5 and 12-OPDA reductase is favored due to the accumulation 
of ET. Furthermore, the absence of the three signaling molecules seems to favor the 
expression of ACC synthase suggesting higher levels of ET and thus higher expression 
of the genes related to the biosynthesis of JA (LOX 5 and 12-OPDA reductase). As JA 
accumulates on the tissue several repression mechanisms take place in order to regulate 
the concentration of ROS, ET and JA. ET in combination with JA may down-regulate 
the expression of GOX, probably via a transcriptional repressor. Similarly to ET, JA can 
modulate its own concentration down-regulating LOX 5 and 12-OPDA reductase, likely 
with a negative feedback mechanism. Additionally, JA is capable of up-regulate the 
expression of SAM synthetase, modulating the concentration of ET. 
The developed model indicates that, as expected, the role of ROS, ET and JA on 
the regulation of the wounding stress responses involves complex cross-talk among these 
signaling molecules. Although some studies reported on the literature overlook the role 
of ET as signaling molecule, the present study demonstrate that ET actually has a major 
role on the regulation of ROS and JA. Similarly, JA has a major role, preventing the 
excessive accumulation of ROS, ET and JA on the tissue. As discussed before (Chapter 
II), high levels of ROS, particularly H2O2 may result toxic and even lethal to the cell 
(Mittler 2002). Therefore, the regulatory mechanism exerted by JA and ET may act in 
combination with the ascorbate peroxidase (APX) and catalase (CAT) detoxifying 
activity to prevent the excessive accumulation of H2O2. To our knowledge, no previous 
research work has reported the role of ROS, ET and JA on the regulation of the 
wounding response on carrot tissue.  
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Wounding induced expression of genes related with the primary and secondary 
metabolism in carrot tissue 
The effect of wounding stress and the role of ROS, ET and JA on the expression 
of genes related with the primary and secondary metabolism in wounded carrot tissue 
was evaluated in order to get insights on how these signaling molecules interact to 
modulate the production of bioactives, particularly phenolic compounds. The relative 
expression of genes with putative function identified as 3-deoxy-D-arabino-
heptulosanate synthase (DAHP synthase) and 5-enolpyrovylshikimate 3-phosphate 
synthase (EPSP synthase), was monitored through time, up to 24 h, in order to determine 
their velocity of response towards wounding stress. Whole carrots were used as control 
for the relative expression determinations (Figure 4.6). The relative expression of these 
genes (DAHP synthase and EPSP synthase; Figure 4.6A and 4.6B, respectively), both 
with putative function related with the primary metabolism, increased progressively 
through time by the effect of wounding. The genes were significantly up-regulated 
within few hours after wounding stress was applied. A brief and diminutive increase on 
the expression of both genes was observed within few minutes after wounding. Since 
ROS and ET biosynthesis genes are induced at the beginning of the stress (Figure 4.1 
and 4.2), it is likely that ROS and ET signaling mediate the wound-induced activation of 
DAHP synthase and EPSP synthase genes.  
Similarly, the relative expression of phenylalanine ammonia-lyase (PAL) and 
chalcone synthase (CHS) 2 genes as well as the relative expression of genes with 
putative function identified as trans-cinnamate 4-hydroxylase (C4H), 4-coumarate-CoA  
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Figure 4.6 - Relative expression through time of genes with putative function 
related with the primary metabolism in wounded carrots. 3-deoxy-D-arabino-
heptulosanate synthase (DAHP synthase, A); 5-enolpyrovylshikimate 3-phosphate 
synthase (EPSP synthase, B). Data represents the mean of 4 replicates ± standard 
error of the mean. Data points with an asterisk (*) indicate statistical difference by 
the LSD test (p < 0.05) with respect the relative expression of time 0 h samples. 
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ligase (4CL), caffeoyl-CoA 3-O-methyltransferase (CCoAOMT), and bergaptol O-
methyltransferase (BOMT) was monitored through time (up to 24 h) in order to 
determine their velocity of response (Figure 4.7). As seen for DAHP synthase and EPSP 
synthase putative genes, the relative expression of most of secondary metabolism genes 
studied showed a progressive increase, suggesting that wounding stress promotes the 
synthesis of secondary metabolites such as hydroxycinnamic acids, furanocumarins and 
lignans, among others. In the particular case of CHS2 gene, the relative expression did 
not increase significantly after 24 h, comparing to 0h. 
Since CHS2 gene was identified using suppression subtractive hybridization 
(SSH) approach it was expected that at 24 h the expression of CHS2 gene were 
significantly higher on the wounded tissue compared with wholes before storage. 
However, the relative expression of the gene at 24 h was only 1.7. The low relative 
expression observed for this gene may be attributed to sample preparation. To facilitate 
homogenization of the tissue with liquid nitrogen, the whole carrots were rapidly sliced 
and immediately frozen on liquid nitrogen. This slight application of wounding stress on 
the whole tissue may have affected the expression of some genes. Therefore, it was 
hypothesized that sample preparation for RNA extraction of the whole tissue affected the 
abundance of CHS gene and thus the calculation of its relative expression using 
2^( Ct) approach. To test this hypothesis, whole carrots were directly frozen on liquid 
nitrogen without applying wounding stress and subsequently the RNA was extracted. 
The Ct values [ Ct = (mean Ct cDNAtest primers) -  (mean Ct cDNA -tubulin primers)] for all 
the genes tested on this investigation was determined on wholes, sliced and shredded  
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Figure 4.7 - Relative expression through time of genes related with the secondary 
metabolism in wounded carrots. Phenylalanine ammonia-lyase (PAL, A); Trans-
cinnamate 4-hydroxylase (C4H, B); 4-coumarate-CoA ligase (4CL, C); Caffeoyl-
CoA 3-O-methyltransferase (CCoAOMT, D); Chalcone synthase 2 (CHS, E); 
Bergaptol O-methyltransferase (BOMT, F). Data represents the mean of 4 
replicates ± standard error of the mean. Data points with an asterisk (*) indicate 
statistical difference by the LSD test (p < 0.05) with respect the relative expression 
of time 0 samples. 
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carrots to determine if sample preparation was affecting the abundance of the genes. 
Results indicated that with the exception of CHS2, no significant difference (p > 0.05) 
was detected on the Ct values between time 0 h for wholes, slices and shreds. 
However, CHS2 gene expression was instantly up-regulated by the application of 
wounding stress. The wound-induced activation of CHS gene has been previously 
reported on white spruce (Richard and others 2000). Likewise, the immediate activation 
of CHS gene in bean cell suspensions was observed after the application of H2O2 on the 
media (Mehdy 1994). The immediate activation of CHS2 gene by wounding stress in 
carrots may be attributed to the instant oxidative burst produced by wounding in the 
tissue. To avoid misinterpretation of data, the relative expression presented data 
presented on Figure 4.4 and on the next sections of the chapter was calculated from the 
abundance of the gene on the shredded-carrots as compared with those on whole carrots 
(not sliced) before storage.   
 
Effect of diphenyleneiodonium chloride (DPI), phenidone (PHEN) and 1-
methylcyclopropene (1-MCP) on the relative expression of genes with putative 
function related with the biosynthesis of primary and secondary metabolites  
As mention before, the activation of several defense genes in plants subjected to 
abiotic stresses is in many instances determined by regulatory mechanisms related to ET 
and JA signaling pathways (O'Donnell and others 1996; Lorenzo and others 2003). 
Additionally, it has been demonstrated that ROS have a significant role on the 
modulation of secondary metabolites biosynthesis (Chapter II). In order to elucidate 
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potential interactions between ROS, ET and JA for the modulation of genes related to 
the primary and secondary metabolism, the expression of these genes was evaluated on 
shredded carrots treated with DPI, PHEN or 1-MCP, either alone or in combination. The 
relative expression was determined 24 h after wounding, time selected based on the 
results previously presented. The effect of DPI, PHEN and 1-MCP treatments on the 
relative expression of the putative DAHP synthase and EPSP synthase genes is shown in 
Figure 4.8.  
Regarding the putative gene DAHP synthase (Figure 4.8A), a significant 
decrease on relative expression was observed as a result of submerging the shreds on 
water (control for all submerged samples). This effect, as discussed before may be 
related with the removal of signaling molecules, such as ATP which has been proposed 
as the primary signal produced at the site of injury that trigger NADPH oxidase activity 
and thus ROS production (Song and others 2006). The use of DPI, either alone or in 
combination with PHEN, inhibited the wound induced activation of the gene, 
demonstrating that ROS up-regulate the expression of the putative DAHP synthase gene. 
Likewise, a decrease in expression was observed when shredded carrots were treated 
with 1-MCP, indicating that ET also up-regulates this gene. However, when 1-MCP was 
used in combination with PHEN an increase in the putative DAPH synthase gene 
expression was observed, indicating that blocking ET action favors the wound-induced 
activation of the gene when JA is not present in the tissue. As previously discussed, the 
application of 1-MCP in combination with PHEN induces higher expression of the 
putative GOX and MnSOD genes, therefore these treatment may be producing higher  
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Figure 4.8 - Effect of diphenyleneiodonium chloride (DPI), phenidone (PHEN) and 
1-methylcyclopropene (1-MCP) on the relative expression of genes with putative 
function related with the primary metabolism in wounded carrot tissue. 3-deoxy-D-
arabino-heptulosanate synthase (DAHP synthase, A); 5-enolpyrovylshikimate 3-
phosphate synthase (EPSP synthase, B). Relative expression was obtained 24 h after 
wounding. Data represents the mean of 4 replicates ± standard error of the mean. 
Bars with different letters indicate statistical difference by the LSD test (p < 0.05). 
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levels of ROS and thus higher DAHP synthase relative expression. An additional 
explanation may be related with a possible transcriptional repressor activated in 
conjunction by JA and ET which abundance may be low in the absence of both signaling 
molecules (Figure 4.5). On the other hand, the treatment with PHEN induced an increase 
in DAHP synthase relative expression (compared with water treated samples), indicating 
that JA may down-regulate DAHP synthase.  
Concerning the putative EPSP synthase gene (Figure 4.8B), a similar behavior 
was observed when compared with DAHP synthase, with the exception of the DPI + 1-
MCP combination treatment. In this case, the absence of both signaling molecules (ROS 
and ET) has a negative impact on the relative expression of the gene. It is adequate to 
remark the primordial role that ROS seem to have on the wound-induced activation of 
these genes with putative function related with the primary metabolism, since when DPI 
was used a highly significant decrement on relative expression was observed. To the best 
of our knowledge this is the first report demonstrating that ROS play a major role on the 
activation of pathways from the primary metabolism related with the biosynthesis of 
aromatic amino acids needed for the synthesis of secondary metabolites and proteins.  
The effect of DPI, PHEN and 1-MCP individual and combined treatments on the 
relative expression of secondary metabolism related genes is shown in Figure 4.9. A 
significant decrease on the relative expression of the six genes presented on Figure 4.9 
was observed by effect of submerging the samples in water. As previously mentioned, 
this is mainly attributed to the removal of potential signaling molecules at the surface of 
the wounded tissue. In the case of PAL gene (Figure 4.9A), the use of DPI alone or in  
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Figure 4.9 - Effect of diphenyleneiodonium chloride (DPI), phenidone (PHEN) and 
1-methylcyclopropene (1-MCP) on the relative expression of genes with putative 
function related with the secondary metabolism in wounded carrot tissue. 
Phenylalanine ammonia-lyase (PAL, A); Trans-cinnamate 4-hydroxylase (C4H, B); 
4-coumarate-CoA ligase (4CL, C); Caffeoyl-CoA 3-O-methyltransferase 
(CCoAOMT, D); Chalcone synthase 2 (CHS, E); Bergaptol O-methyltransferase 
(BOMT, F). Relative expression was obtained 24 h after wounding. Data represents 
the mean of 4 replicates ± standard error of the mean. Data points with an asterisk 
(*) indicate statistical difference by the LSD test (p < 0.05) with respect the relative 
expression of time 0 samples. Bars with different letters indicate statistical 
difference by the LSD test (p < 0.05). 
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combination with PHEN and/or 1-MCP resulted in a significant reduction on relative 
expression, implying that the presence or ROS is necessary to induce the expression of 
the gene by wounding. On the other hand, the use of PHEN generated an increase on 
PAL relative expression, indicating that JA exerts down-regulation over the gene. The 
application of 1-MCP treatment decreased the wound-induced activation of PAL gene, 
suggesting that ET play a role on the wound-induced accumulation of phenolics. When 
PHEN was applied in combination with 1-MCP an unusually high relative expression of 
PAL was observed. Based on the theoretical model developed to understand the 
interaction of ROS, ET and JA on the expression of signaling molecules genes (Figure 
4.5), it was concluded that both ET and JA promote down-regulation mechanisms to 
modulate the synthesis of ROS. Therefore, the higher wound-induced activation of PAL 
gene on the 1-MCP + PHEN treatment may be caused due to an unrepressed 
biosynthesis of ROS via MnSOD and GOX. 
Regarding the putative C4H gene (Figure 4.9B), all treatments (individual and 
combined) resulted in a significant reduction on relative activity, implying that ROS, ET 
and JA up-regulate the gene. Additionally, it is observed that the presence of this three 
signaling molecules is necessary to promote the wound-induced expression of the gene. 
Concerning the putative 4CL gene (Figure 4.9C), the use of PHEN and 1-MCP alone 
generated a significant effect on expression when comparing with their corresponding 
control samples. In this case the inhibition of JA by means of PHEN seems to promote 
the expression of the gene when ROS and ET are present in the tissue. On the other 
hand, the inhibition of ET by means of 1-MCP induced a reduction on relative 
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expression, indicating that ET favors the 4CL gene activation by wounding. As in the 
case of PAL, ROS seem to have a strong up-regulation effect over the putative 
CCoAOMT gene (Figure 4.9D) since when samples were treated with DPI, either alone 
or in combination, the relative expression of the gene dropped to particularly low levels. 
Similarly, the use of 1-MCP induced a reduction on CCoAOMT relative expression, 
demonstrating that ET has an up-regulating role on the gene. In contrast, JA apparently 
exerts down-regulation since the use of PHEN increased significantly the relative 
expression. The use of PHEN in combination with 1-MCP generated an increase on 
CCoAOMT expression, indicating that the absence of ET and JA promote its activation 
by wounding. As elucidated before (Figure 4.5), ET and JA likely down-regulation the 
production of ROS. Therefore, as explained for PAL, the unusually high relative 
expression of CCoAOMT when PHEN was used in combination with 1-MCP may be 
also explained on the basis of an uninhibited biosynthesis of ROS which favor the 
expression of the gene. Regarding CHS2 gene (Figure 4.9E), the inhibition of ROS and 
ET by using DPI and 1-MCP individually or in combination with each other and/or 
PHEN induced a reduction on relative expression. Therefore, it can be concluded that the 
presence of ROS as well as ET favors the wound-induced activation of CHS2 gene. In 
the case of the putative BOMT gene (Figure 4.9F), ROS and ET also seem to promote 
the wound-induced expression of the gene. However, this effect is only observed when 
JA is present in the tissue. When JA is inhibited by using PHEN alone or in combination 
with DPI or 1-MCP, BOMT relative expression levels on the treated samples equal those 
observed on the samples submerged in water. All secondary metabolism related genes 
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studied and included in Figure 4.9 were clearly activated by wounding stress. 
Furthermore, the extremely high levels on relative expression obtained for the putative 
4CL (> 600, Figure 4.9C), CHS2 (~ 8000, Figure 4.9E) and BOMT (~ 550, Figure 4.9F), 
particularly on control samples (not submerged in water) indicate that the effect of 
wounding on the activation of these genes is particularly significant.  
As in the case of the putative DAHP synthase and EPSP synthase genes, all three 
signaling molecules seem to regulate the wound-induced expression of secondary 
metabolism related genes. ROS have a primordial role on inducing the expression due to 
wounding stress, since the presence of this signaling molecule is indispensable to 
observe the activation of the genes.  
The up-regulation of the primary and secondary metabolism induced by 
wounding stress in carrots suggests that primary and secondary metabolites of interest 
such as shikimic acid, phenolics, furanocoumarins and lignans may be synthesized in 
plants as a result of the application of wounding stress. This demonstrates the potential 
use of wounding stress as a strategy for the production of high commercial value plant 
bioactives. Knowing how the expression of these genes is regulated by signaling 
molecules allows the elucidation of potential strategies to manipulate and optimize the 
production of primary and secondary metabolites in plants.  
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Effect of diphenyleneiodonium chloride (DPI), phenidone (PHEN) and 1-
methylcyclopropene (1-MCP) on the total phenolic content (PC) of shredded-
carrots  
The application of wounding stress produced 375% of increase in the total PC 
of carrots after 48 h of storage at 20°C as compared with wholes before storage (Figure 
4.10). Washing the shredded carrots on water before storage induced lower production 
of total PC, suggesting the partial removal of a primary signal that triggers the wound-
induced production of total phenolics. As previously discussed (Chapter II), this primary 
signal may be ATP related with the activation of NADPH oxidase and ROS production. 
The wound-induced production of total phenolics was inhibited on the DPI treated 
samples as reported on Chapter II. 
Dipping the shredded carrots on PHEN solution did not show significant 
reduction on PC as compared with water controls. Therefore, JA may not be directly 
related with the accumulation of total phenolics. The gaseous application of 1-MCP 
produced a slightly reduction (p < 0.05) on the wound-induced accumulation of total PC 
as compared with the control. Heredia and Cisneros-Zevallos (2009) investigated the 
effect of applying exogenous ET and methyl jasmonate (MJ) on PAL activity and on the 
accumulation of total PC in shredded carrots. The authors observed that the exogenous 
application of MJ does not affect PAL activity and total phenolics accumulation. 
Likewise, Heredia and Cisneros-Zevallos (2009) reported that the exogenous application 
of ET produced higher PAL activity and total PC values. In accordance with previously 
reported data, the wound-induced activation of PAL gene (Figure 4.9A) and the  
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Figure 4.10 - Effect of diphenyleneiodonium chloride (DPI), phenidone (PHEN) and 
1-methylcyclopropene (1-MCP) on the wound-induced accumulation of total 
phenolics in carrot tissue. Total phenolics concentration was determined 48 h after 
wounding. Concentrations were determined based on dry weight. Data represents 
the mean of 4 replicates ± standard error of the mean. Bars with different letters 
indicate statistical difference by the LSD test (p < 0.05). 
 
 
 
 
 
 
  
111 
111 
accumulation of total PC (Figure 4.10) was lower on the 1-MCP treatment, indicating 
that ET play a mild role on activating the phenylpropanoid metabolism and thus on the 
accumulation of total PC. The lower accumulation of total PC observed on the 1-MCP 
treatment may also be related with the potential involvement of ET on the wound-
induced activation of the primary metabolism. Shreds treated with 1-MCP shower lower 
wound-induced activation of genes with putative function related with the biosynthesis 
of aromatic amino acids (DAHP synthase and EPSP synthase, Figure 4.8). Therefore, the 
accumulation of carbon skeletons needed for phenolics biosynthesis may be lower on 
such treatment. 
The application of DPI in combination with either PHEN or 1-MCP inhibited the 
wound-induced production of phenolics as compared with water controls. However, 
DPI+1-MCP produced a slightly increase in total PC content as compared with wholes 
before storage which may be attributed to a higher ROS production induced by MnSOD 
(Figure 4.4A), since this gene is activated in the absence of ROS and ET. Likewise, the 
application of 1-MCP+PHEN in the wounded tissue allowed a higher accumulation of 
total PC compared with water and PHEN treatments. This data agrees with the relative 
expression of PAL observed for this treatment (Figure 4.9A). The 1-MCP+PHEN 
treatment showed the higher relative expression of PAL as compared with all other 
treatments. As previously discussed, this higher expression of PAL may be attributed to 
higher ROS levels produced on this treatment due to the negative regulation that JA and 
ET exert on MnSOD and GOX (Figure 4.4A and 4.4B). Likewise, genes with putative 
function on the primary metabolism showed higher relative expression on the 1-
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MCP+PHEN treatment (Figure 4.8), suggesting that the highest accumulation of total PC 
observed on this treatment, as compared with the water control, may also be attributed to 
a higher biosynthesis of carbon skeletons needed for phenolics biosynthesis.  
The treatment containing the three inhibitors (DPI+PHEN+1-MCP) resulted on a 
lower accumulation of phenolics as compared with the water control. However, this 
accumulation was higher compared with DPI, and DPI+1-MCP treatments. As 
previously described, DPI+PHEN+1-MCP seems to produce higher levels of ROS 
(Figure 4.4A and Figure 4.4B) as compared with carrots treated with DPI only. Data 
suggest that these higher levels of ROS that may be present in the DPI+PHEN+1-MCP 
treatment may induce higher biosynthesis of phenolic compounds as compared with DPI 
treatment.  
 
Effect of diphenyleneiodonium chloride (DPI), phenidone (PHEN) and 1-
methylcyclopropene (1-MCP) on the accumulation of individual phenolic 
compounds in shredded-carrots  
To identify and quantify the phenolic compounds produced and accumulated in 
carrots by wounding stress, the methanolic extracts from freeze-dried wounded-carrot 
tissue were analyzed by HPLC-DAD and HPLC-ESI-MS-. The effect of DPI, 1-MCP, 
and PHEN on the accumulation of 3-O-caffeoylquinic acid (3-CQA), 3,5-
dicaffeoylquinic acid (3,5-diCQA), and 4,5-dicaffeoylquinic acid (4,5-diCQA), which 
are the major phenolic compounds accumulated by wounding in carrots (Chapter II) was 
studied (Figure 4.11). The concentration of these three phenolic compounds increased  
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Figure 4.11 - Effect of diphenyleneiodonium chloride (DPI), phenidone (PHEN) and 
1-methylcyclopropene (1-MCP) on the wound-induced accumulation of individual 
phenolics in carrot tissue. 3-caffeoylquinic acid (3-CQA, A); 3,5-dicaffeoylquinic 
acid (3,5-diCQA, B); and 4,5-dicaffeoylquinic acid (4,5-diCQA, C). Phenolic 
concentration was determined 48 h after wounding. Concentrations were 
determined based on dry weight. Data represents the mean of 4 replicates ± 
standard error of the mean. Bars with different letters indicate statistical difference 
by the LSD test (p < 0.05). 
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after 48 h of storage. The 3,5-diCQA was not present on the whole carrots before 
storage, and wounding stress induced the production of 0.5 mg of compound per g of 
carrots based on dry weight. Interestingly, the shredded carrots treated with water 
showed higher accumulation of 3-CQA and 4,5-diCQA compared with the control. 
Although thewound-induced activation of genes related with the biosynthesis of 
hydroxycinnamic acids (PAL,  putative C4H, and putative 4CL) decreased by washing 
the shredded carrots on water (Figure 4.9A, 4.9B, and 4.9C), a higher accumulation of 3-
CQA and 4,5-diCQA in the wounded-tissue was observed. This may be explained in 
terms of rate of production and utilization. It is well known that wounding stress induces 
the production of lignin and suberin during wound healing in carrots (Rittinger and 
others 1987). Lignin is composed of monolignols residues that are synthesized from 
hydroxycinnamic acids precursors such as the caffeoylquinic acids. Therefore, the higher 
accumulation of 3-CQA and 4,5-diCQA observed on the shreds dipped on water may be 
related with a lower rate of utilization of these compounds for lignin and suberin 
synthesis. As observed for the putative CCoAOMT gene (Figure 4.9D), which is 
involved on lignin biosynthesis, its wound-induced activation significantly decreased by 
washing the carrots with water, supporting that lignin biosynthesis is also decreased by 
dipping shredded carrots on water.  
The wound-induced accumulation of 3-CQA was repressed by DPI alone or in 
combination with PHEN and/or 1-MCP (Figure 4.11A). PHEN produced slightly lower 
concentrations of 3-CQA in the tissue as compared with the water control, and thus JA 
may be playing a mild role on the accumulation of such phenolic compound. The 1-MCP 
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treatment showed the highest concentration of 3-CQA compared with all treatments. 
Therefore, ET may negatively regulate its wound-induced synthesis. Likewise, the 1-
MCP+PHEN treatment showed a lower concentration of total PC as compared with the 
water control, however the accumulation of total PC was higher than the observed on the 
PHEN treatment. This data suggests that ROS play a major role on the wound-induced 
production of 3-CQA, and that JA slightly induces higher accumulation. As previously 
discussed, JA and ET may be acting on regulating ROS levels and thus may have impact 
on the production of 3-CQA. Since washing the shredded carrots on water and blocking 
ET action promotes the accumulation of the 3-CQA, it would be interesting to explore 
the effect of blocking ET action on shredded carrots dipped on water as a novel approach 
to selectively stimulate the wound-induced production of 3-CQA.  
The application of DPI alone or in combination with 1-MCP and/or PHEN on 
shredded-carrots inhibited the wound-induced accumulation of the 3,5-diCQA (Figure 
4.11B). PHEN did not affect the accumulation of 3,5-diCQA. However, when PHEN 
was applied in combination with DPI the accumulation of 3,5-diCQA was completely 
repressed. As observed for 3-CQA (Figure 4.11A), the accumulation of 3,5-diCQA is 
favored on the 1-MCP+PHEN treatment, as compared with PHEN treatment. As 
discussed for 3-CQA, ROS play the major role on the accumulation of 3-CQA, while ET 
plays a mild role on inducing higher levels of this phenolic compund. In the case of 4,5-
diCQA all signaling molecules seems to regulate its wound induced accumulation. As 
suggested for 3-CQA, dipping the shredded carrots on water seems to be an effective 
strategy to selectively induce higher wound-induced accumulation levels of 4,5-diCQA.  
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 The data obtained as a result of the present research work allowed the generation 
of relevant and novel scientific information regarding the role of ROS, ET and JA on the 
wound response of carrot tissue. The information generated in this chapter is 
summarized in Figure 4.12. Data suggests that upon the application of wounding stress 
ROS and ET are simultaneously produced, and ET induces JA biosynthesis. ET and JA 
seem to play a key role on modulating ROS levels. After the signaling molecules are 
produced, the primary and secondary metabolisms are activated on the wounded carrots. 
Likewise, secondary metabolites are produced as a result of primary and secondary 
metabolism elicitation. ROS seem to play the major role on the activation of the primary 
and secondary metabolism as well as on the accumulation of secondary metabolites, 
whereas JA and ET play an important role on controlling ROS levels and on the 
activation of certain genes. Additionally, JA and ET play an important role on 
modulating the accumulation of specific phenolic compounds in the tissue. For instance, 
data obtained from 1-MCP treated samples suggest that ET represses the accumulation 
of 3-CQA whereas it promotes the production of the 3,5-diCQA and 4,5-diCQA. 
Likewise, JA seems to promote the accumulation of 3-CQA and 4,5-diCQA. However 
JA and ET needs the presence of ROS in order to exert this modulation effect on the 
wound-induced accumulation of 3-CQA, 3,5-diCQA, and 4,5-diCQA. 
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Figure 4.12 - Down (-) and up-regulation (+) of primary and secondary metabolism 
related genes as well as secondary metabolites production by reactive oxygen 
species (ROS), ethylene (ET) and jasmonic acid (JA). 1. ROS and ET are generated 
a few minutes after wounding stress. ET production induces the production of JA. 
The primary role of ET and JA seems to be related on modulating ROS levels. ROS 
act as signaling molecule to activate the primary and secondary metabolism of 
carrots (2). The production of secondary metabolites (3) which occur after the 
production of signals (1) and the activation of the primary and secondary 
metabolism (2) seems to be mainly mediated by ROS. However, ET and JA play a 
mild role on modulating the expression of certain genes as well as on the 
accumulation of secondary metabolites.   
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Conclusions 
The results presented herein demonstrated that upon the application of wounding 
stress ROS, ET and JA are produced in carrot tissue. These signaling molecules regulate 
the wound response in carrots through complex cross-talk mechanisms. ROS play the 
major role on activating the primary and secondary metabolism of carrots, as well as on 
the accumulation of phenolic compounds. ET and JA seem to act on controlling ROS 
levels, and thus on modulating the wound-induced activation of primary and secondary 
metabolism of carrots. Blocking ET action mildly decreased the expression of genes 
related with the primary metabolism suggesting that ET is capable of directly promote 
the synthesis of phenolic compounds precursors. The information generated in this 
investigation opens the possibility of envisage strategies to manipulate the production of 
specific phenolic compounds with a wide range of applications on the pharmaceutical 
industry. This implies that second grade produce and even residues from the carrot juice 
industry may be used as source for the production of high value bioactive compounds.    
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CHAPTER V 
 
GENERAL CONCLUSIONS AND RECOMMENDATIONS 
 
 In the present study, the application of extreme conditions of postharvest abiotic 
stresses was presented as an effective strategy to exploit the genetic potential of carrots 
to produce phenolic compounds. Physiological and molecular studies reveled that a 
complex cross-talk between reactive oxygen species (ROS), ethylene (ET) and jasmonic 
acid (JA), modulates the wound-response in carrots. Furthermore, it was demonstrated 
that ROS play the major role on the wound-induced activation of the primary and 
secondary metabolism as well as on the accumulation of phenolic compounds in carrots. 
Increasing ROS levels in the wounded-tissue without reaching toxic 
concentrations for the plant cell would be an effective strategy to enhance the wound-
induced accumulation of phenolics in carrots. As shown in the present study, the 
application of hyperoxia stress increases the respiration rate and reduces the activity of 
ROS detoxifying enzymes (APX and CAT) in wounded-carrot tissue. Therefore, treating 
shredded-carrots with hyperoxia stress seems to be an effective approach to produce 
higher ROS levels, thus enhancing the accumulation of phenolic compounds. Likewise, 
results demonstrated that inhibiting ET action and JA biosynthesis in wounded carrots 
produces higher relative expression of genes with putative function related with the 
biosynthesis of ROS. Consequently, shredded-carrots in the absence of ET and JA may 
produce higher ROS levels, which was reflected on a higher accumulation of total 
phenolics.  
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The plasma membrane NADPH oxidase, one of the main sources of ROS, was 
activated in carrots by wounding stress. When shredded-carrots were submerged in 
water, the wound-induced activation of NADPH oxidase and the accumulation of 
phenolics were inhibited. This reduction on the total phenolics accumulation was 
attributed to a partial removal of a putative signal produced at the site of injury, which 
mediates the wound-induced activation of NADPH oxidase. Recent reports on the 
literature propose that extracellular ATP produced by wounding is the signal that 
triggers the wound-induced activation of NADPH oxidase and thus the production of 
ROS. Therefore, increasing the concentration of ATP at the site of injury by dipping the 
shredded-carrots on solutions containing ATP may be an effective approach to increase 
ROS levels, thus enhancing the wound-induced accumulation of phenolics in carrots.  
Although the wound-induced accumulation of total phenolics is mainly mediated 
by ROS, results indicate that ET negatively regulates the wound-induced production of 
3-O-caffeoylquinic acid (3-CQA). Likewise, submerging the shredded-carrots on water 
seems to inhibit lignification and since 3-CQA is used as lignin precursor, the 
accumulation of this phenolic is higher on water treated wounded-tissue. Therefore, 
dipping the shredded carrots on water to inhibit lignification and blocking ET action 
would be a promising approach to selectively produce higher levels of 3-CQA. 
In addition to the wound-induced accumulation of phenolics observed on 
wounded-carrots, the wound-induced subtractive cDNA library generated in the present 
study gives insights on additional high valued chemical compounds such as the 
furanocoumarins and alkaloids that are potentially accumulated as result of wounding 
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stress in carrots. Likewise, the wound-induced activation of the primary metabolism 
observed on the present study suggest that carrots can also be used as biofactories of 
primary metabolites such as shikimate, which is a high valued compound used for the 
production of Tamiflu®, a drug used for the treatment of viral infections such as 
influenza. Applying glyphosate on wounded-carrot tissue to block the carbon flux from 
the primary to the secondary metabolism may be an effective strategy to produce 
shikimate in carrots.  
The information generated in this investigation opens the possibility of envisage 
strategies to manipulate the production of chemical compounds in plants with a wide 
range of applications on the pharmaceutical and nutraceutical industries. 
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APPENDIX 
WOUND-INDUCED SUBTRACTIVE cDNA LIBRARY FROM CARROTS 
Sequence  
ID (i) 
Size 
(bp) 
Accession 
n° (ii) 
E-value Redundancy 
(from 979 
secuences) 
Gene Identification 
Stress signaling molecules 
Ethylene biosynthesis genes 
SSH24-2-D6 699 N/A 1 x 10-99 1 1-aminocyclopropane-1-
carboxylate synthase [Carica 
papaya, AM113989] 
SSH24-8-C2 1175 Already 
registered 
0.0 9 S-adenosyl-L-methionine 
synthetase 1 [Daucus carota, 
AY583461] 
SSH24-1-C7 540 N/A 9 x 10-157 2 Methionine synthase [Cicer 
arietinum, EU924156] 
SSH24-11-E6 152 N/A 4 x 10-53 1 S-adenosylmethionine synthetase 
[Petroselinum crispum, M62757] 
SSH24-2-H2 179 N/A 8 x 10-56 1 S-adenosylmethionine synthetase 
[Petroselinum crispum, M62758] 
SSH24-2-G8 606 N/A 0.0 4 S-adenosylhomocysteine 
hydrolase [Petroselinum 
crispum, M81885] 
SSH24-3-A7 379 N/A 1 x 10-76 1 Methylenetetrahydrofolate 
reductase, putative [Vitis 
vinifera, XM_002272694] 
SSH24-9-G5 570 N/A 0.0 2 Methionine synthase, putative 
[Vitis vinifera, XM_002276402] 
SSH24-2-B3 570 N/A 0.0 1 Cobalamine-independent 
methionine synthase [Ricinus 
communis, XM_002525663] 
SSH24-1-G1 418 N/A 1 x 10-59 2 Ethylene-responsive transcription 
factor 1B, putative [Ricinus 
communis, XM_002531493] 
SSH24-1-D9 307 N/A 5 x 10-87 3 Cobalamine-independent 
methionine synthase [Coleus 
blumei, Z49150] 
Jasmonic acid biosynthesis genes 
SSH24-3-E8 233 N/A 1 x 10-43 4 Microsomal omega-6 desaturase  
[Glycine max, AB188250] 
SSH24-4-D1 595 N/A 0.0 3 Fatty acid 
desaturase/hydroxylase, putative 
[Petroselinum crispum, 
AF239834] 
SSH24-6-H7 768 Already 
registered 
0.0 3 Fatty acid 
desaturase/hydroxylase [Daucus 
carota, AF349965]  
SSH24-7-G7 134 Already 
registered 
8 x 10-48 3 12-oxophytodienoate reductase, 
putative [Daucus carota, 
AJ297421] 
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Sequence  
ID (i) 
Size 
(bp) 
Accession 
n° (ii) 
E-value Redundancy 
(from 979 
secuences) 
Gene Identification 
SSH24-3-D5 336 N/A 2 x 10-79 4 3-hydroxyacyl-CoA 
dehyrogenase, putative [Populus 
trichocarpa, XM_002324390] 
SSH24-1-
G11 
492 Already 
registered 
0.0 7 Delta12-fatty acid acetylenase 
[Daucus carota, AY166774] 
SSH24-5-
G10 
397 N/A 6 x 10-05 1 Oleic acid desaturase [Sesamum 
indicum, AY770501] 
SSH24-6-B6 223 N/A 1 x 10-36 4 Microsomal omega-6-desaturase 
[Glycine max, AY954300] 
SSH24-1-F12 374 N/A 1 x 10-58 2 Lipoxygenase 5 [Actinidia 
deliciosa, DQ497796] 
SSH24-5-E7 520 N/A 4 x 10-128 2 Lipoxygenase 2 [Actinidia 
deliciosa, DQ497797] 
SSH24-10-F8 159 N/A 4 x 10-21 1 Delta-12 desaturase [Lepidium 
virginicum, DQ518315] 
SSH24-9-E4 116 N/A 8 x 10-15 1 Delta-12 desaturase [Lepidium 
virginicum, DQ518318] 
SSH24-5-A7 651 N/A 1 x 10-74 1 Omega-6 fatty acid desaturase 2 
[Portulaca oleracea, FJ472350] 
SSH24-6-E9 383 N/A 2 x 10-157 1 Omega-6 fatty acid desaturase 
[Petroselinum crispum, U86072] 
SSH24-4-B7 651 N/A 2 x 10-75 3 D12 oleate desaturase [Solanum 
commersonii, X92847] 
SSH24-6-D1 252 N/A 5 x 10-29 1 Delta12 fatty acid desaturase, 
putative [Vitis vinifera, 
XM_002279203] 
SSH24-1-H7 495 N/A 4 x 10-116 8 12-oxophytodienoate reductase, 
putative [Vitis vinifera, 
XM_002281083] 
SSH24-5-B6 971 N/A 0.0 3 3-ketoacyl-CoA thiolase, 
putative [Populus trichocarpa, 
XM_002301534] 
SSH24-3-G5 504 N/A 5 x 10-83 1 Delta12 fatty acid desaturase, 
putative [Populus trichocarpa, 
XM_002323248] 
SSH24-3-B11 449 N/A 3 x 10-104 3 12-oxophytodienoic acid 10,10-
reductase, putative [Populus 
trichocarpa, XM_002327253] 
SSH24-9-E5 329 N/A 1 x 10-64 1 12-oxophytodienoate reductase, 
putative [Populus trichocarpa, 
XM_002336702] 
SSH24-7-A1 288 N/A 8 x 10-65 6 3-ketoacyl-CoA thiolase B, 
putative [Ricinus communis, 
XM_002521077] 
SSH24-6-F4 897 N/A 0.0 1 3-ketoacyl-CoA thiolase B 
[Mangifera indica, XR_077410] 
SSH24-10-C7 265 N/A 6 x 10-173 1 3-ketoacyl-CoA thiolase 
[Populus trichocarpa, 
XM_002299248] 
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SSH24-8-B9 905 N/A 1 x 10-11 1 2,4-dienoyl-CoA reductase, 
putative [Ricinus communis, 
XM_002517269] 
SSH24-9-F8 397 N/A 8 x 10-04 1 Microsomal oleic acid desaturase 
[Sesamum indicum, AY770501] 
Reactive oxygen species biosynthesis and modulation/detoxification genes 
SSH24-1-D7 555 N/A 6 x 10-146 20 NADH-ubiquinone 
oxidoreductase, putative [Prunus 
armeniaca, AF139496] 
SSH24-2-D7 561 N/A 6 x 10-140 9 Glutathione S-transferase 
[Petroselinum crispum, 
AF177944] 
SSH24-1-B1 912 N/A 2 x 10-85 14 NADPH:quinone reductase 
[Populus trichocarpa, 
EF144480] 
SSH24-7-D2 161 N/A 9 x 10-42 1 Glutathione peroxidase [Litchi 
chinensis, FJ172343] 
SSH24-8-F5 548 N/A 1 x 10-177 2 NADPH:quinone reductase, 
putative [Vitis vinifera, 
XM_002267141] 
SSH24-11-C4 631 N/A 3 x 10-69 1 Glutathione S-transferase, 
putative [Vitis vinifera, 
XM_002275846] 
SSH24-6-D3 286 N/A 8 x 10-59 2 Thioredoxin H-type 1, putative 
[Vitis vinifera, XM_002280537] 
SSH24-6-C9 265 N/A 1 x 10-61 3 Glycolate oxidase, putative [Vitis 
vinifera, XM_002278068] 
SSH24-4-E6 531 N/A 3 x 10-105 1 Peroxiredoxin, putative [Vitis 
vinifera, XM_002283616] 
SSH24-6-G9 223 N/A 5 x 10-47 5 Peroxidase 12 precursor, putative 
[Ricinus communis, 
XM_002524270] 
SSH24-10-E5 509 N/A 1 x 10-72 25 Glutathione-s-transferase omega, 
putative [Ricinus communis, 
XM_002525158] 
SSH24-10-
H9 
299 N/A 7 x 10-66 1 NADH-ubiquinone 
oxidoreductase, putative [Ricinus 
communis, XM_002531885] 
SSH24-5-E8 653 N/A 0.0 4 Anionic peroxidase 
[Petroselinum crispum, L36981] 
SSH24-10-
H2 
595 N/A 9 x 10-94 1 Laccase, putative [Vitis vinifera, 
XM_002272582]  
SSH24-6-G8 337 N/A 7 x 10-45 1 Anionic peroxidase precursor, 
putative [Ricinus communis, 
XM_002521822] 
SSH24-2-A6 559 N/A 2 x 10-102 6 Peroxidase [Panax ginseng, 
AB232686] 
SSH24-7-
A10 
403 N/A 1 x 10-26 2 Glutathione S-transferase, 
putative [Vitis vinifera, 
XM_002273835] 
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SSH24-8-E1 237 N/A 2 x 10-14 2 Glutathione s-transferase, 
putative [Ricinus communis, 
XM_002523950] 
Genes involved in signaling the NADPH oxidase production of reactive oxygen species 
SSH24-7-
A11 
731 N/A 0.0 3 ATP-binding cassette transporter, 
putative [Vitis vinifera, 
XR_078070] 
SSH24-2-B10 347 N/A 2 x 10-05 1 ATP-binding cassette transporter, 
putative [Ricinus communis, 
XM_002527284] 
SSH24-8-H9 216 N/A 1 x 10-42 1 ATP-binding cassette transporter, 
putative [Populus trichocarpa, 
XM_002304676] 
SSH24-10-
G1 
923 Already 
registered 
0.0 41 Exo-polygalacturonase [Daucus 
carota, D29664] 
SSH24-6-F11 444 N/A 3 x 10-14 1 Calcium-binding protein [Olea 
europaea, AF078680] 
SSH24-7-C5 534 N/A 2 x 10-12 1 Calcium-binding protein, 
putative [Populus trichocarpa, 
XM_002312286]  
Carbon source 
Sugars transport genes 
SSH24-1-E12 330 N/A 1 x 10-81 3 Hexose transporte-like protein 
[Apium graveolens, AF393808] 
SSH24-3-F2 340 N/A 6 x 10-61 2 Sugar transporter, putative 
[Ricinus communis, 
XM_002510945] 
SSH24-2-D1 167 N/A 6 x 10-19 1 Sugar transporter, putative 
[Ricinus communis, 
XM_002517170] 
Glycolisis and pentose phosphate pathway genes  
SSH24-9-F3 354 N/A 1 x 10-153 1 Cofactor-independent 
phosphoglyceromutase [Apium 
graveolens, AJ132256] 
SSH24-8-G9 518 N/A 3 x 10-169 3 6-phosphogluconate 
dehydrogenase, putative [Vitis 
vinifera, XM_002270948] 
SSH24-9-H6 191 N/A 2 x 10-51 1 Fructose-1,6-bisphosphate 
aldolase, putative [Vitis vinifera, 
XM_002283345] 
SSH24-10-E8 518 N/A 8 x 10-170 2 6-phosphogluconate 
dehydrogenase, putative 
[Populus trichocarpa, 
XM_002311387.1] 
SSH24-8-
A11 
269 N/A 6 x 10-66 1 Fructose-1,6-bisphosphate 
aldolase, putative [Vitis vinifera, 
XM_002283345] 
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Shikimate pathway genes  
SSH24-1-F9 927 N/A 0.0 8 3-deoxy-D-arabino-
heptulosonate [Petroselinum 
crispum, AF012864] 
SSH24-10-E2 733 N/A 0.0 3 5-enolpyruvylshikimate 3-
phosphate synthase 
[Camptotheca acuminata, 
AY639815] 
Aromatic amino acid biosynthesis genes 
SSH24-4-
D12 
101 N/A 2 x 10-15 1 Chorismate mutase, putative 
[Vitis vinifera, XM_002284083] 
SSH24-3-C5 459 N/A 2 x 10-82 2 Chorismate mutase-prephenate 
dehydratase, putative [Vitis 
vinifera, XM_002268665] 
SSH24-9-D7 148 N/A 5 x 10-32 3 Prephenate dehydratase, putative 
[Ricinus communis, 
XM_002527418] 
Secondary metabolites biosynthesis genes 
Phenolic metabolism genes 
Hydroxycinnamic acids biosynthesis genes 
SSH24-3-A9 333 N/A 3 x 10-128 11 Cinnamate 4-hydroxylase [Ammi 
majus, AY219918] 
SSH24-11-C9 866 Already 
registered 
0.0 17 Phenylalanine ammonia-lyase 
(gDcPAL1) [Daucus carota, 
D85850] 
SSH24-5-D9 392 N/A 1 x 10-153 7 Trans-cinnamate 4-
monooxygenase [Petroselinum 
crispum, L38898] 
SSH24-2-G6 495 N/A 1 x 10-172 2 4-coumarate-coa ligase 
[Petroselinum crispum, X13325] 
SSH24-4-E3 289 N/A 5 x 10-30 10 4-coumarate-coa ligase [Vitis 
vinifera, XM_002270324] 
SSH24-7-
H10 
733 N/A 6 x 10-97 9 4-coumarate-coa ligase [Populus 
trichocarpa, XM_002304328] 
Flavonoids biosynthesis genes 
SSH24-7-E10 432 N/A 3 x 10-160 1 Glycosyltransferase, putative 
[Lycium barbarum, AB360610] 
SSH24-5-F9 936 Already 
registered 
2 x 10-104 3 Chalcone synthase 2 [Daucus 
carota, AJ006780] 
SSH24-5-
G11 
813 N/A 9 x 10-58 3 Tetrahydroxychalcone 2'-
glucosyltransferase 
[Catharanthus roseus, 
AB294401] 
SSH24-6-D5 364 N/A 7 x 10-48 1 Hydroxycinnamoyl-
CoA:anthocyanin 3-O-glucoside-
6"-O-acyltransferase [Petunia x 
hybrida, AB026495]  
SSH24-8-E6 432 Already 
registered 
0.0 1 Favone synthase I [Daucus 
carota, AY817675] 
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Lignin biosynthesis genes  
SSH24-7-F2 602 N/A 6 x 10-155 4 Cinnamoyl-CoA reductase 
[Codonopsis lanceolata, 
AB243011] 
SSH24-7-G3 196 N/A 4 x 10-28 1 NADPH-dependent cinnamyl 
alcohol dehydrogenase [Quercus 
suber, AY362455] 
SSH24-6-F12 516 N/A 0.0 1 Caffeoyl-CoA O-
methyltransferase [Ammi majus, 
AY620245] 
SSH24-5-F5 755 N/A 0.0 1 Cinnamyl alcohol dehydrogenase 
[Aralia cordata, D13991] 
SSH24-1-C12 465 N/A 2 x 10-112 1 Cinnamoyl-CoA reductase-like 
[Panax ginseng, FJ002428] 
SSH24-4-
G11 
138 N/A 1 x 10-25 1 Cinnamoyl CoA reductase 
[Betula luminifera, FJ410450] 
SSH24-9-D9 513 N/A 0.0 2 Caffeoyl-CoA 3-O-
methyltransferase [Petroselinum 
crispum, M69184] 
SSH24-11-
D2 
215 N/A 6 x 10-27 2 Cinnamoyl-CoA reductase 
[Populus trichocarpa, 
XM_002332042] 
Lignans biosynthesis genes 
SSH24-8-H7 813 N/A 1 x 10-175 9 Isoflavone reductase-like protein 
5 [Vitis vinifera, BN000710] 
Furanocoumarin biosynthesis genes 
SSH24-10-
D12 
393 N/A 5 x 10-144 30 Bergaptol O-methyltransferase 
[Glehnia littoralis, AB363638] 
Volatile benzenoid ester biosynthesis genes 
SSH24-7-G9 479 N/A 1 x 10-49 7 Benzoyl coenzyme A: benzyl 
alcohol benzoyl transferase 
[Nicotiana tabacum, AF500202] 
SSH24-2-B12 577 N/A 6 x 10-14 1 Benzoyl coenzyme A: benzyl 
alcohol benzoyl transferase 
[Petunia x hybrida, AY563157] 
Cardenolide pathway genes 
SSH24-5-B4 298 N/A 4 x 10-56 2 Progesterone 5-beta-reductase 
[Digitalis lutea, DQ213021]  
Alkaloids biosynthesis genes 
SSH24-4-D5 264 N/A 2 x 10-10 9 Berberine bridge, putative 
[Panax ginseng, DQ384527] 
SSH24-6-
A11 
188 N/A 1 x 10-21 1 Berberine bridge, putative 
[Arabidopsis thaliana, 
NM_100078.2] 
SSH24-6-C8 326 N/A 1 x 10-12 2 Berberine bridge, putative [Vitis 
vinifera, XM_002268325] 
SSH24-3-
D12 
306 N/A 1 x 10-05 4 Berberine bridge, putative [Vitis 
vinifera, XM_002268570] 
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SSH24-3-C8 336 N/A 2 x 10-41 3 Reticuline oxidase precursor, 
putative [Vitis vinifera, 
XM_002266993] 
SSH24-4-E7 525 N/A 8 x 10-75 6 Reticuline oxidase precursor, 
putative [Vitis vinifera, 
XM_002269426] 
SSH24-7-H8 711 N/A 6 x 10-116 3 Reticuline oxidase precursor, 
putative [Populus trichocarpa, 
XM_002333922] 
SSH24-3-D4 187 N/A 3 x 10-17 3 Reticuline oxidase precursor, 
putative [Ricinus communis, 
XM_002523110] 
SSH24-10-F2 369 N/A 3 x 10-71 1 Reticuline oxidase precursor, 
putative [Ricinus communis, 
XM_002523118] 
SSH24-3-C11 524 N/A 2 x 10-82 1 Reticuline oxidase precursor, 
putative [Ricinus communis, 
XM_002538779] 
SSH24-9-F9 427 N/A 2 x 10-42 1 Reticuline oxidase precursor, 
putative [Ricinus communis, 
XM_002523116] 
SSH24-5-F3 962 N/A 2 x 10-10 1 Polyneuridine-aldehyde esterase 
precursor, putative [Ricinus 
communis, XM_002522306] 
SSH24-4-G1 375 N/A 3 x 10-08 1 S-norcoclaurine synthase 2 
[Papaver somniferum, 
AY860501] 
Phenylpropene biosynthesis genes 
SSH24-5-
G12 
404 N/A 3 x 10-59 1 SAM:t-anol/isoeugenol O-
methyltransferase [Pimpinella 
anisum, EU925389] 
Terpenoids biosynthesis genes 
SSH24-10-C5 144 N/A 6 x 10-23 1 1-deoxy-D-xylulose 5-phosphate 
reductoisomerase [Arabidopsis 
thaliana, NM_125674.2] 
Phytosterols biosynthesis genes 
SSH24-2-A2 427 N/A 7 x 10-87 1 Sterol 22-desaturase, similar 
[Vitis vinifera, XM_002276577] 
SSH24-10-
C11 
312 N/A 2 x 10-40 3 Sterol desaturase, putative 
[Ricinus communis, 
XM_002526466] 
SSH24-10-C2 310 N/A 4 x 10-37 1 Sterol desaturase, putative 
[Ricinus communis, 
XM_002526465] 
Other disease and stress response genes  
SSH24-5-C7 689 N/A 1 x 10-74 1 Alcohol dehydrogenase, putative 
[Ricinus communis, 
XP_002525379] 
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SSH24-7-
G10 
269 Already 
registered 
3 x 10-134 2 Dcarg-1 [Daucus carota, 
AB027501] 
SSH24-9-G4 794 Already 
registered 
0.0 16 Pathogenesis-related protein-like 
protein 1 [Daucus carota, 
AB082377] 
SSH24-1-
A11 
207 N/A 2 x 10-14 12 Protease inhibitor 2 [Zinnia 
elegans, AB091074] 
SSH24-9-G1 544 Already 
registered 
0.0 4 Short chain alcohol 
dehydrogenase-like [Daucus 
carota, AB104856] 
SSH24-2-F2 389 N/A 1 x 10-12 1 [Populus trichocarpa, 
XM_002303561] 
SSH24-9-A9 386 N/A 4 x 10-51 1 Chitinase III [Vitis vinifera, 
AB105374] 
SSH24-8-F4 
 
593 Already 
registered 
0.0 41 CAPSE mRNA for cell 
attachment protein in somatic 
embryogenesis [Daucus carota, 
AB104856] 
SSH24-8-E9 341 Already 
registered 
7 x 10-168 9 Pathogenesis-related protein-like 
protein 1 [Daucus carota, 
AB127984] 
SSH24-11-
A11 
598 N/A 0.0 3 Chitinase precursor 
[Petroselinum crispum, 
AF141374] 
SSH24-5-C6 276 N/A 2 x 10-10 1 Synthetic construct major pollen 
allergen Artv1 [Synthetic 
construct, AF502559] 
SSH24-5-E4 343 N/A 9 x 10-34 2 Polygalacturonase-inhibiting 
protein, putative [Rubus idaeus, 
AJ620354] 
SSH24-10-
A10 
699 N/A 2 x 10-40 2 Alcohol dehydrogenase 
[Solanum tuberosum, X92179] 
SSH24-4-E12 505 N/A 8 x 10-18 1 Polyphenol oxidase [Vitis 
vinifera, XM_002276076] 
SSH24-1-A3-
1 
288 N/A 1 x 10-24 2 Monooxygenase, putative 
[Solanum tuberosum, 
AB061259] 
SSH24-4-H3 421 N/A 4 x 10-45 2 Heterogeneous nuclear 
ribonucleoprotein 27C [Ricinus 
communis, XM_002528331] 
SSH24-1-B10 694 Already 
registered 
0.0 31 Extracellular dermal glycoprotein 
[Daucus carota, D14550] 
SSH24-11-
D1 
269 N/A 2 x 10-53 1 Polyphenol oxidase [Camellia 
nitidissima, FJ597757] 
SSH24-10-
G4 
217 N/A 7 x 10-39 8 2-alkenal reductase [Artemisia 
annua, FJ750460] 
SSH24-11-E2 848 N/A 6 x 10-111 6 Polyphenol oxidase [Taraxacum 
officinale, FM178478] 
SSH24-9-F10 668 Already 
registered 
0.0 7 Secreted protein (EP4b) [Daucus 
carota, L36957] 
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SSH24-4-F6 246 Already 
registered 
2 x 10-96 1 Class IV chitinase EP3-3/E7 
(EP3) [Daucus carota, U52847] 
SSH24-1-A1 343 N/A 2 x 10-112 3 Pathogenesis-related protein type 
B [Petroselinum crispum, 
X12573] 
SSH24-9-G9 535 N/A 6 x 10-165 4 Pathogenesis-related protein type 
A [Petroselinum crispum, 
X12574] 
SSH24-2-C11 716 N/A 0.0 3 Pathogenesis-related protein 2 
[Petroselinum crispum, X58698] 
SSH24-4-E2 335 N/A 1 x 10-32 1 Chitinase, putative [Vitis 
vinifera, XM_002270543] 
SSH24-8-G8 174 N/A 2 x 10-31 1 Alcohol dehydrogenase, putative 
[Vitis vinifera, XM_002279390] 
SSH24-9-C6 584 N/A 3 x 10-144 2 Heat shock 70 kDa protein, 
putative [Ricinus communis, 
XM_002528153] 
SSH24-4-F3 277 N/A 2 x 10-48 1 Pectinesterase, putative [Vitis 
vinifera, XM_002280410] 
SSH24-4-E4 711 N/A 8 x 10-140 1 Pectinesterase, putative [Vitis 
vinifera, XM_002282242] 
SSH24-7-E4 675 N/A 2 x 10-65 1 Heat shock  transcription factor, 
putative [Vitis vinifera, 
XM_002284180] 
SSH24-9-C4 545 N/A 4 x 10-79 3 MtN19-like protein [Vitis 
vinifera, XM_002284703] 
SSH24-11-
G4 
634 N/A 5 x 10-180 2 Sulfite reductase, putative [Vitis 
vinifera, XM_002285362] 
SSH24-5-
H12 
806 N/A 2 x 10-63 1 Heat shock  transcription factor, 
putative [Populus trichocarpa, 
XM_002307987] 
SSH24-11-F8 257 N/A 6 x 10-41 1 Glucan endo-1,3-beta-
glucosidase precursor, putative 
[Populus trichocarpa, 
XM_002312061] 
SSH24-2-E8 564 N/A 6 x 10-153 1 Pectinesterase-2 precursor, 
putative [Populus trichocarpa, 
XM_002322365] 
SSH24-10-
E11 
510 N/A 4 x 10-47 6 Polygalacturonase inhibitor 
[Actinidia deliciosa, Z49063] 
SSH24-9-D4 281 N/A 1 x 10-31 12 Mutt/nudix hydrolase, putative 
[Ricinus communis, 
XM_002524337] 
SSH24-1-B9 332 N/A 1 x 10-38 3 Hevamine-A precursor, putative 
[Ricinus communis, 
XM_002513566] 
SSH24-5-C5 361 N/A 6 x 10-24 4 Potato inhibitor I, putative 
[Populus trichocarpa, 
XM_002334086] 
SSH24-5-
D11 
340 N/A 4 x 10-76 10 2-alkenal reductase, putative 
[Populus trichocarpa, 
XM_002331617] 
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SSH24-1-E4 542 N/A 6 x 10-83 1 Heat shock factor, putative 
[Populus trichocarpa, 
XM_002323284] 
SSH24-9-B10 437 N/A 2 x 10-47 3 Zn-dependent alcohol 
dehydrogenases, putative 
[Populus trichocarpa, 
XM_002324658] 
SSH24-4-C2 600 N/A 0.0 1 Major allergen Dau c 1/1 
[Daucus carota, Z84376] 
SSH24-10-
D2 
272 N/A 2 x 10-02 3 Alcohol dehydrogenase [Vitis 
vinifera, XM_002281229] 
SSH24-10-
H8 
299 N/A 2 x 10-21 1 Protease inhibitor, putative 
[Populus trichocarpa, 
XM_002334086] 
SSH24-1-D6 301 N/A 4 x 10-12 5 Miraculin homologue, putative 
[Youngia japonica, AB023648] 
SSH24-2-
H10 
320 N/A 5 x 10-11 2 Patatin-like protein 3 [Nicotiana 
tabacum, AF158253] 
SSH24-2-
A12 
501 N/A 1 x 10-02 2 Kunitz trypsin inhibitor 
[Nicotiana tabacum, FJ494920] 
SSH24-9-E12 415 N/A 2 x 10-17 1 Light-inducible protein atls1, 
putative [Ricinus communis, 
XM_002526640] 
SSH24-5-B12 826 N/A 6 x 10-180 1 Lysine histidine transporter 1, 
putative [Vitis vinifera, 
XM_002265272] 
SSH24-5-H8 633 Already 
registered 
1 x 10-36 1 P40-like protein [Daucus carota, 
AB012702] 
SSH24-8-C4 359 Already 
registered 
1 x 10-178 1 NADP specific isocitrate 
dehydrogenase [Daucus carota, 
AB019327] 
SSH24-5-F2 505 N/A 2 x 10-125 1 Nucloeside diphosphate kinase 1 
[Codonopsis lanceolata, 
AB126060] 
SSH24-9-H1 269 N/A 1 x 10-44 2 WAKL1 gene [Nicotiana 
tabacum, AB291545] 
SSH24-2-
H12 
241 N/A 1 x 10-67 1 Serine hydroxymethyltransferase 
1 [Glycine max, EU912419] 
SSH24-7-B6 557 N/A 5 x 10-109 1 RNA binding protein, putative 
[Nicotiana tabacum, AF029351] 
SSH24-7-G6 488 N/A 0.0 1 Acyl carrier protein [Daucus 
carota, AF083950] 
SSH24-7-G8 524 Already 
registered 
0.0 2 Poly(A)-binding protein [Daucus 
carota, AF349964.1 
SSH24-4-C5 505 N/A 5 x 10-77 1 Adenosine 5'-phosphosulfate 
reductase [Glycine max, 
AF452450] 
SSH24-3-C2 102 N/A 2 x 10-16 1 Monooxygenase, putative 
[Arabidopsis thaliana, 
AK227657] 
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SSH24-3-F7 202 N/A 6 x 10-14 3 Glutathione-s-transferase omega, 
putative [Ricinus communis, 
XM_002525158] 
SSH24-1-C11 550 N/A 5 x 10-103 1 Cysteine hydrolase, putative 
[Vitis vinifera, XM_002270860] 
SSH24-3-F11 329 N/A 3 x 10-78 1 Serine/threonine protein kinase, 
putative [Ricinus communis, 
XM_002523507] 
SSH24-6-G2 211 N/A 2 x 10-59 3 Serine/threonine protein 
phosphatase, putative 
[Arabidopsis thaliana, 
NM_103920.3] 
SSH24-8-B7 576 N/A 1 x 10-41 1 Glucose-methanol-choline 
oxidoreductase, putative [Ricinus 
communis, XM_002527358] 
SSH24-8-D9 275 N/A 2 x 10-34 1 Membrane transport protein, 
putative [Populus trichocarpa, 
XM_002301858] 
SSH24-1-H8 240 N/A 6 x 10-34 1 Ribosome-associated protein 
p40-like [Solanum tuberosum, 
DQ207864] 
SSH24-9-C12 530 N/A 1 x 10-97 3 Peroxisomal membrane protein 
2, pxmp2, putative [Ricinus 
communis, XM_002518406] 
SSH24-1-A3 168 N/A 7 x 10-25 2 60S ribosomal protein L21-like 
protein [Solanum tuberosum, 
DQ191668] 
SSH24-11-
H10 
272 N/A 1 x 10-37 1 Protein phosphatase 2c, putative 
[Ricinus communis, 
XM_002534061] 
SSH24-11-
G5 
472 N/A 1 x 10-57 1 S-locus-specific glycoprotein 
precursor, putative [Ricinus 
communis, XM_002525833] 
SSH24-2-B5 604 N/A 2 x 10-39 1 Kinase, putative [Vitis vinifera, 
XM_002277295] 
SSH24-7-B4 289 N/A 6 x 10-54 1 UDP-glucose 4-epimerase 
[Solanum lycopersicum, 
AY197749] 
SSH24-3-F8 286 N/A 1 x 10-125 1 Variable lymphocyte receptor 
(VLR) [Petromyzon marinus, 
AY577941] 
SSH24-10-F7 473 Already 
registered 
0.0 1 Ribosomal protein S7 (rps7) and 
cytochrome oxidase subunit 1-2 
[Daucus carota, AY820131] 
SSH24-10-
B10 
221 N/A 1 x 10-55 1 40S ribosomal protein S3, 
putative [Ricinus communis, 
XM_002514015] 
SSH24-2-H6 287 N/A 2 x 10-73 1 GTP cyclohydrolase II/3,4-
dihydroxy-2-butanone 4-
phosphate synthase [Malus x 
domestica, AF403706] 
SSH24-4-E9 280 N/A 3 x 10-71 2 Ribosomal_L7Ae protein, 
putative [Vitis vinifera, 
XM_002281001] 
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SSH24-2-E3 447 N/A 3 x 10-41 1 Amino acid transporter, putative 
[Ricinus communis, 
XM_002528370] 
SSH24-7-C8 198 N/A 6 x 10-36 1 60S ribosomal protein L13a, 
putative [Zea mays, 
NM_001137336] 
SSH24-2-E2 326 N/A 1 x 10-18 1 Cytochrome P450, putative 
[Glycine max, Y10493] 
SSH24-11-
F12 
983 Already 
registered 
0.0 1 Elongation factor 1-alpha 
[Daucus carota, D12709] 
SSH24-3-B5 515 N/A 5 x 10-160 1 Aconitase [Cucurbita cv. 
Kurokawa Amakuri, D29629] 
SSH24-9-F6 709 N/A 2 x 10-84 1 Cytochrome P450 
monooxygenase [Petunia x 
hybrida, DQ099541] 
SSH24-4-B5 419 N/A 6 x 10-75 1 60S ribosomal protein, putative 
[Solanum tuberosum, 
DQ294270] 
SSH24-3-F9 148 N/A 6 x 10-69 1 26S ribosomal RNA [Panax 
ginseng, GQ178085] 
SSH24-7-F8 446 N/A 1 x 10-109 1 60S ribosomal protein L13A 
[Arabidopsis thaliana, 
NM_111591] 
SSH24-4-D6 613 N/A 5 x 10-40 1 Epoxide hydrolase [Solanum 
tuberosum, U02494] 
SSH24-6-E10 172 N/A 3 x 10-54 1 Ribosomal protein, putative 
[Daucus carota, U47095] 
SSH24-4-H1 787 N/A 2 x 10-167 1 60S ribosomal protein [Vitis 
vinifera, XM_002262661] 
SSH24-6-E7 480 N/A 2 x 10-37 1 Patatin, putative [Vitis vinifera, 
XM_002262906] 
SSH24-9-B8 294 N/A 2 x 10-34 1 AMP dependent ligase, putative 
[Vitis vinifera, XM_002263765] 
SSH24-1-B8 240 N/A 4 x 10-30 1 AMP dependent ligase, putative 
[Ricinus communis, 
XM_002521697] 
SSH24-2-G9 547 N/A 1 x 10-141 1 Inosine-5'-monophosphate 
dehydrogenase, putative [Vitis 
vinifera, XM_002265010] 
SSH24-10-
G12 
440 N/A 2 x 10-110 1 Stearoyl-acyl-carrier protein 
desaturase, putative [Vitis 
vinifera, XM_002265150] 
SSH24-6-C7 782 N/A 8 x 10-128 1 Lysine histidine transporter 1, 
putative [Vitis vinifera, 
XM_002265272] 
SSH24-9-E3 406 N/A 2 x 10-30 2 Fatty acid hydroxylase, putative 
[Vitis vinifera, XM_002265649] 
SSH24-7-E6 547 N/A 3 x 10-74 6 Aldo/keto reductase, putative 
[Vitis vinifera, XM_002265891] 
SSH24-2-D9 379 N/A 1 x 10-89 1 Aldo/keto reductase, putative 
[Vitis vinifera, XM_002266241] 
SSH24-10-
D1 
538 N/A 3 x 10-24 1 Zinc finger protein, putative 
[Ricinus communis, 
XM_002522244] 
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SSH24-5-E3 521 N/A 1 x 10-16 1 Zinc finger protein, putative 
[Ricinus communis, 
XM_002533195] 
SSH24-4-C3 483 N/A 2 x 10-144 1 Caseinolytic protease, putative 
[Vitis vinifera, XM_002266344] 
SSH24-4-D2 450 N/A 8 x 10-155 1 60S ribosomal protein L13a 
protein [Vitis vinifera, 
XM_002267455] 
SSH24-2-
G11 
453 N/A 5 x 10-70 1 Serine/threonine protein kinase, 
putative [Vitis vinifera, 
XM_002267636] 
SSH24-9-D6 262 N/A 1 x 10-62 1 Radical sam protein, putative 
[Vitis vinifera, XM_002268256] 
SSH24-8-F10 269 N/A 1 x 10-44 1 Ankyrin repeat-containing 
protein, putative [Vitis vinifera, 
XM_002268406] 
SSH24-7-H2 235 N/A 1 x 10-61 1 UDP-glucose 4-epimerase, 
putative [Vitis vinifera, 
XM_002268743] 
SSH24-9-D5 734 N/A 1 x 10-163 1 Ubiquinone/menaquinone 
biosynthesis methyltransferase, 
putative [Vitis vinifera, 
XM_002271722] 
SSH24-9-H7 289 N/A 2 x 10-47 3 Lipase like [Vitis vinifera, 
XM_002271766] 
SSH24-8-B11 442 N/A 3 x 10-129 1 Adenosine kinase [Vitis vinifera, 
XM_002272301] 
SSH24-5-D5 522 N/A 2 x 10-43 1 Monoxygenase, putative [Ricinus 
communis, XM_002530028] 
SSH24-3-B6 307 N/A 5 x 10-74 1 Cwf15/Cwc15 cell cycle control 
protein [Vitis vinifera, 
XM_002272417] 
SSH24-5-D1 326 N/A 2 x 10-42 1 Pollen allerg 1 [Vitis vinifera, 
XM_002273860] 
SSH24-2-F5 521 N/A 2 x 10-37 1 Short-chain dehydrogenase, 
putative [Vitis vinifera, 
XM_002274896] 
SSH24-10-E4 384 N/A 1 x 10-90 1 Transcription factor IWS1, 
putative [Vitis vinifera, 
XM_002276847] 
SSH24-4-C10 153 N/A 1 x 10-21 1 Reverse transcriptases, putative 
[Vitis vinifera, XM_002277654] 
SSH24-2-F9 389 N/A 8 x 10-54 1 Major facilitator, putative [Vitis 
vinifera, XM_002277715] 
SSH24-11-
C11 
430 N/A 2 x 10-99 1 Glutathione S-transferas [Vitis 
vinifera, XM_002277850] 
SSH24-4-
H10 
427 N/A 3 x 10-92 1 Glycine cleavage system h 
protein, putative [Ricinus 
communis, XM_002528116] 
SSH24-2-C5 498 N/A 1 x 10-96 1 Peroxisomal membrane protein, 
putative [Vitis vinifera, 
XM_002279452] 
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SSH24-9-H2 387 N/A 2 x 10-55 1 MATE efflux protein family, 
putative [Vitis vinifera, 
XM_002280387] 
SSH24-3-F6 605 N/A 5 x 10-21 1 MATE efflux protein family, 
putative [Vitis vinifera, 
XM_002265897] 
SSH24-7-E12 521 N/A 5 x 10-122 2 Nuclear acid binding protein, 
putative [Vitis vinifera, 
XM_002280565] 
SSH24-4-F1 288 N/A 1 x 10-50 1 Serine/Threonine protein kinases, 
catalytic domain [Vitis vinifera, 
XM_002282409] 
SSH24-3-B4 182 N/A 7 x 10-38 1 Proteinase kinase, putative [Vitis 
vinifera, XM_002282851] 
SSH24-8-
H12 
615 N/A 1 x 10-98 1 Type 1 glutamine 
amidotransferase (GATase1)-like 
domain [Vitis vinifera, 
XM_002283027] 
SSH24-4-C11 440 N/A 7 x 10-56 1 Glycosyltransferase, putative 
[Vitis vinifera, XM_002284345] 
SSH24-6-C1 300 N/A 5 x 10-43 2 2-polyprenyl-6-methoxyphenol 
hydroxylase, putative [Vitis 
vinifera, XM_002284701] 
SSH24-1-E6 694 N/A 2 x 10-108 1 NADH pyrophosphatase, 
putative [Vitis vinifera, 
XM_002285033] 
SSH24-7-C1 384 N/A 5 x 10-76 1 Phosphate transporter, putative 
[Vitis vinifera, XM_002285117] 
SSH24-1-G3 463 N/A 1 x 10-147 6 D-3-phosphoglycerate 
dehydrogenase, putative [Vitis 
vinifera, XM_002285322] 
SSH24-6-E1 559 N/A 1 x 10-54 1 Serine/arginine rich splicing 
factor, putative [Ricinus 
communis, XM_002531442] 
SSH24-6-
H10 
382 N/A 2 x 10-73 2 Protein binding protein, putative 
[Ricinus communis, 
XM_002518657] 
SSH24-11-
H8 
226 N/A 2 x 10-46 1 Malate dehydrogenase, putative 
[Populus trichocarpa, 
XM_002298765] 
SSH24-2-F8 722 N/A 1 x 10-155 1 DnaJ-like protein [Populus 
trichocarpa, XM_002301212] 
SSH24-10-
G11 
171 N/A 2 x 10-18 1 UDP-glucose 4-epimerase 
[Populus trichocarpa, 
XM_002303617] 
SSH24-8-G6 197 N/A 2 x 10-65 1 Asparagine synthase, putative 
[Populus trichocarpa, 
XM_002306274] 
SSH24-10-
D10 
379 N/A 3 x 10-49 1 Syntaxin, putative [Populus 
trichocarpa, XM_002308290] 
SSH24-3-C10 328 N/A 1 x 10-102 2 Snf7, putative [Populus 
trichocarpa, XM_002310962] 
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SSH24-6-H1 122 N/A 2 x 10-22 1 60S ribosomal protein L13a 
protein [Populus trichocarpa, 
XM_002314563] 
SSH24-5-C10 456 N/A 1 x 10-71 1 Aldo-keto reductase, putative 
[Populus trichocarpa, 
XM_002321061] 
SSH24-6-E3 240 N/A 6 x 10-28 1 Zinc finger protein, putative 
[Ricinus communis, 
XM_002533198] 
SSH24-6-F1 231 N/A 1 x 10-61 1 Succinate dehydrogenase, 
putative [Ricinus communis, 
XM_002530436] 
SSH24-5-C10 264 N/A 4 x 10-49 1 Phosphatidic acid phosphatase, 
pustative [Ricinus communis, 
XM_002528028] 
SSH24-2-F6 420 N/A 5 x 10-63 1 Alpha/beta hydrolase domain 
containing protein 1,3, putative 
[Ricinus communis, 
XM_002526802] 
SSH24-6-D2 313 N/A 5 x 10-43 1 Cationic amino acid transporter, 
putative [Ricinus communis, 
XM_002526568] 
SSH24-9-
G10 
303 N/A 2 x 10-28 1 2OG-Fe(II) oxygenase, putative 
[Ricinus communis, 
XM_002524758] 
SSH24-11-
H7 
507 N/A 2 x 10-89 1 Cytochrome B5 isoform 1, 
putative [Ricinus communis, 
XM_002521050] 
SSH24-5-A3 325 N/A 5 x 10-81 1 Pyruvate dehydrogenase, 
putative [Ricinus communis, 
XM_002519618] 
SSH24-10-
H10 
747 N/A 0.0 1 Transitional endoplasmic 
reticulum ATPase, putative 
SSH24-3-E12 422 N/A 1 x 10-38 2 Acyl-CoA thioesterase, putative 
[Ricinus communis, 
XM_002519297] 
SSH24-2-B1 400 N/A 3 x 10-98 2 60S ribosomal protein L13a 
protein [Ricinus communis, 
XM_002518061] 
SSH24-3-E7 647 N/A 4 x 10-146 1 60S ribosomal protein L7, 
putative [Ricinus communis, 
XM_002517470] 
SSH24-1-E2 463 N/A 7 x 10-62 1 Serine carboxypeptidase, 
putative [Ricinus communis, 
XM_002517243] 
SSH24-8-
G10 
368 N/A 2 x 10-99 2 Chaperone protein dnaJ, putative 
[Ricinus communis, 
XM_002514373] 
SSH24-3-G4 858 N/A 0.0 2 Calnexin, putative [Ricinus 
communis, XM_002511020] 
SSH24-7-B1 283 N/A 1 x 10-17 1 Salutaridinol 7-O-
acetyltransferase, putative 
[Ricinus communis, 
XM_002510620] 
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SSH24-6-D6 142 N/A 2 x 10-18 1 MAPEG-like protein [Sorghum 
bicolor, XM_002463967] 
SSH24-5-H2 288 N/A 2 x 10-35 1 RING-finger protein, putative 
[Populus trichocarpa, 
XM_002336479] 
SSH24-2-E1 496 N/A 4 x 10-103 1 Adenylyl-sulfate reductase, 
putative [Populus trichocarpa, 
XM_002332674] 
SSH24-11-B2 328 N/A 3 x 10-102 1 60S ribosomal protein L13a 
protein, putative [Populus 
trichocarpa, XM_002324016] 
SSH24-7-B2 242 N/A 4 x 10-61 4 Major pollen allergen Ory s 1 
precursor, putative [Populus 
trichocarpa, XM_002326637] 
SSH24-7-D1 371 N/A 5 x 10-82 1 Protein translocase, putative 
[Populus trichocarpa, 
XM_002331008] 
SSH24-3-C8 400 N/A 6 x 10-81 3 Elongation factor 1 gamma, 
putative [Populus trichocarpa, 
XM_002325493] 
SSH24-4-B3 175 N/A 5 x 10-14 1 Transferase, putative [Populus 
trichocarpa, XM_002325418] 
SSH24-6-F8 310 N/A 1 x 10-18 1 NADP-dependent 
oxidoreductases, putative [Vitis 
vinifera, XM_002279323] 
SSH24-6-A6 743 N/A 5 x 10-16 3 Histone deacetylase [Populus 
trichocarpa, XM_002328042] 
SSH24-8-
H10 
742 N/A 6 x 10-34 1 Cytochrome P450 [Vitis vinifera, 
XM_002263573] 
SSH24-2-
H11 
711 N/A 8 x 10-70 1 Serine hydroxymethyltransferase 
1 [Glycine max, EU912419] 
SSH24-7-B10 511 N/A 2 x 10-26 1 ADP ribosylating enzyme, 
putative [Populus trichocarpa, 
XM_002303403] 
SSH24-7-H7 496 N/A 2 x 10-37 1 Serine/Threonine protein kinases, 
putative [Vitis vinifera, 
XM_002274189] 
SSH24-11-
H3 
491 N/A 6 x 10-13 1 Oligonucleotide binding protein, 
putative [Vitis vinifera, 
XM_002282211]  
SSH24-6-A5 388 N/A 5 x 10-12 1 Lipase, putative [Populus 
trichocarpa, XM_002312776]  
Unidentified function genes 
SSH24-6-B9 392 N/A 5 x 10-25 2 Unknown [Solanum 
lycopersicum, AK247113] 
SSH24-2-G1 125 N/A 4 x 10-19 1 Unknown [Solanum 
lycopersicum, AK321416] 
SSH24-6-A7 184 N/A 8 x 10-56 1 Unknown [Solanum 
lycopersicum, AK323989] 
SSH24-4-B4 253 N/A 4 x 10-49 2 Unknown [Oryza sativa, 
CT830536] 
SSH24-4-C6 479 N/A 2 x 10-57 4 Unknown [Vitis vinifera, 
XM_002285205] 
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SSH24-8-H3 215 N/A 2 x 10-53 1 Unknown [Populus trichocarpa, 
XM_002315255] 
SSH24-11-
G7 
338 N/A 3 x 10-79 1 Unknown [Populus trichocarpa, 
XM_002324279] 
SSH24-5-E9 330 N/A 8 x 10-105 1 Unknown [Daucus carota, 
BI452005] 
SSH24-3-C6 263 N/A 2 x 10-53 2 Unknown [Vitis vinifera, 
XM_002264579] 
Novel genes 
SSH24-2-A3 72 N/A  1 Unknown 
SSH24-7-D3 93 N/A  1 Unknown 
SSH24-2-F10 118 N/A  1 Unknown 
SSH24-1-E7 122 N/A  1 Unknown 
SSH24-2-A4 122 N/A  1 Unknown 
SSH24-1-G8 133 N/A  1 Unknown 
SSH24-8-H5 141 N/A  1 Unknown 
SSH24-3-C12 150 N/A  1 Unknown 
SSH24-2-C10 153 N/A  1 Unknown 
SSH24-2-D2 164 N/A  2 Unknown 
SSH24-2-B7 178 N/A  1 Unknown 
SSH24-7-B7 179 N/A  1 Unknown 
SSH24-4-G3 188 N/A  1 Unknown 
SSH24-9-E11 191 N/A  1 Unknown 
SSH24-5-A2 201 N/A  1 Unknown 
SSH24-9-G6 210 N/A  1 Unknown 
SSH24-4-
A10 
314 N/A  2 Unknown 
SSH24-3-C3 218 N/A  1 Unknown 
SSH24-10-
G9 223 
N/A  1 Unknown 
SSH24-11-B6 234 N/A  2 Unknown 
SSH24-2-H8 236 N/A  1 Unknown 
SSH24-1-H2 253 N/A  1 Unknown 
SSH24-7-E7 254 N/A  1 Unknown 
SSH24-10-
A12 254 
N/A  1 Unknown 
SSH24-5-C9 257 N/A  1 Unknown 
SSH24-8-G1 265 N/A  1 Unknown 
SSH24-5-A5 276 N/A  1 Unknown 
SSH24-11-F7 276 N/A  1 Unknown 
SSH24-4-G8 277 N/A  2 Unknown 
SSH24-1-E10 279 N/A  1 Unknown 
SSH24-8-G3 281 N/A  1 Unknown 
SSH24-2-B11 282 N/A  1 Unknown 
SSH24-10-B2 282 N/A  1 Unknown 
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SSH24-9-D2 284 N/A  1 Unknown 
SSH24-9-B7 286 N/A  1 Unknown 
SSH24-3-B7 293 N/A  1 Unknown 
SSH24-6-
D11 314 
N/A  1 Unknown 
SSH24-6-C10 318 N/A  1 Unknown 
SSH24-7-A5 320 N/A  1 Unknown 
SSH24-9-E8 320 N/A  2 Unknown 
SSH24-9-F2 316 N/A  1 Unknown 
SSH24-6-G7 323 N/A  1 Unknown 
SSH24-7-E5 323 N/A  1 Unknown 
SSH24-7-F9 326 N/A  1 Unknown 
SSH24-1-E3 327 N/A  1 Unknown 
SSH24-7-A6 329 N/A  1 Unknown 
SSH24-10-
H11 329 
N/A  1 Unknown 
SSH24-6-B7 339 N/A  1 Unknown 
SSH24-2-D5 368 N/A  1 Unknown 
SSH24-4-C12 368 N/A  1 Unknown 
SSH24-1-H4 371 N/A  1 Unknown 
SSH24-11-
G10 371 
N/A  1 Unknown 
SSH24-11-
D5 375 
N/A  1 Unknown 
SSH24-4-H4 376 N/A  2 Unknown 
SSH24-8-F7 380 N/A  1 Unknown 
SSH24-9-E2 392 N/A  1 Unknown 
SSH24-8-H1 394 N/A  1 Unknown 
SSH24-3-B3 400 N/A  1 Unknown 
SSH24-10-F1 404 N/A  1 Unknown 
SSH24-6-A8 410 N/A  1 Unknown 
SSH24-9-E12 415 N/A  1 Unknown 
SSH24-8-B5 418 N/A  1 Unknown 
SSH24-9-A7 421 N/A  1 Unknown 
SSH24-3-E9 424 N/A  4 Unknown 
SSH24-11-
D12 443 
N/A  1 Unknown 
SSH24-5-
A11 460 
N/A  1 Unknown 
SSH24-11-
A7 460 
N/A  1 Unknown 
SSH24-6-F5 462 N/A  1 Unknown 
SSH24-7-E1 462 N/A  2 Unknown 
SSH24-9-G7 483 N/A  1 Unknown 
SSH24-11-E8 483 N/A  1 Unknown 
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SSH24-1-G4 505 N/A  1 Unknown 
SSH24-7-H1 513 N/A  1 Unknown 
SSH24-10-F3 517 N/A  2 Unknown 
SSH24-10-
C12 522 
N/A  1 Unknown 
SSH24-8-F11 567 N/A  1 Unknown 
SSH24-11-E9 584 N/A  1 Unknown 
SSH24-3-H1 823 N/A  1 Unknown 
SSH24-2-A9 798 N/A  1 Unknown 
SSH24-10-
D8 139 
N/A  1 Unknown 
SSH24-3-E6 302 N/A  1 Unknown 
SSH24-3-A3 309 N/A  1 Unknown 
SSH24-7-
G12 314 
N/A  1 Unknown 
SSH24-2-F12 339 N/A  1 Unknown 
SSH24-1-G9 354 N/A  12 Unknown 
SSH24-6-E2 511 N/A  1 Unknown 
SSH24-7-B3 511 N/A  1 Unknown 
SSH24-7-G2 453 N/A  1 Unknown 
SSH24-8-B10 433 N/A  1 Unknown 
SSH24-9-
D11 408 
N/A  1 Unknown 
SSH24-7-A4 358 N/A  1 Unknown 
SSH24-10-C4 358 N/A  1 Unknown 
SSH24-2-G5 365 N/A  2 Unknown 
SSH24-5-B1 375 N/A  1 Unknown 
(i) Identification number on the subtractive library.  
(ii) N/A = Not available, sequence not previously reported for carrots. 
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